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PART ONE 


ATOMIC AND NUCLEAR 
PHYSICS 


CHAPTER 1 
ATOMIC PHYSICS 


1.1 Matter and Electricity 


Matter is a form of nature, of the material world. Every 
substance consists of minute particles (atoms, molecules) 
which possess all chemical properties of the substance. Mole- 
cules of simple substances consist of one or several identical 
atoms whereas those of complex substances are composed of 
atoms of different chemical elements. 

Atoms of a chemical element which differ with respect to 
mass are called isotopes of that element (see Sec. 3.1). Natu- 
ral carbon has two isotopes. The atomic mass unit (amu) is 
defined as being 1/12 of the mass of the lighter isotope of 
natural carbon. 

The mass of an atom (or molecule) is of the order of 
40-2 kg. Special instruments, which were invented compara- 
tively recently, are employed to measure such small masses. 
Before the advent of such devices the masses of atoms and 
molecules were expressed in relative units. The ratio of the 
mass of an atom (molecule) to the atomic mass unit is called 
the relative atomic (molecular) mass (or briefly, the atomic 
(molecular) mass)*. By definition this isa dimensionless quan- 
tity. It shows how many times the mass of an atom (molecule) 
exceeds the atomic mass unit. The atomic mass is denoted 
by A and the molecular mass, by un. 


* The ratio of the mass of an atum (molecule) tu the atomic mass 
unit is also referred to as the atomic (molecular) weight. 


(2 | Aiomie and Nucleer Physice 


A chemical element is a mixture of isotopes. The relative 
amount of an isotope in a chemical element is called tho 
iectope content. [tis expressed as a fraction or in per cent. 
The atomic mass of an clement (Table 4.1) is the mean value 
of the atomic masses of the isotopes of that element. As 
an example, natural boron consists of two isotopes with 
contents 18.8% (4 = 10.0129) and 81.2% (A = 11.0093) 
and hence its atomic mass A = 10.8220. 


Table 1.f 


Atomic Masses of Some Elements 


hement se . Blement symbol Poe : 


1.00797 Sodium ¢ 

Helium He 4.0026 Tron Fe 55 .847 
Lithium Li 6.9390 Nickel Ni 58.74 
Beryllium | Be 9.0122 Zirconium Zr 91 .22 
n 10 8220 Indium In 114 .82 

Carbon CG 42.01415 Thorium Th 232 .038 
’ 15 .9994 Uranium U 238 .03 


The mass of an atom (molecule) in atomic mass units is 
numerically equal to the atomic (molecular) mass. Thus the 
mass of the helium atom is 4.0026 amu and that of the 
oxygen atom, 15.9994 amu. 

In molecular physics, chemistry and other fields of science 
a subsidiary mass unit, the kilogram-mole (kmole), is used 
for homogeneous substances, i.e. those which are composed 
of particles with identical properties, This is the amount of 
a homogeneous substance in kilograms which is numerically 
equal to its molecular (atomic) mass. A kilogram-mole of 
carbon, for example, is 12.01115 kg and that of beryllium, 
9.0122 kg and of water, 18.0154 kg. 

The uumber of molecules in a kilogram-mole of any 
humogoneous substance N, is the same and is 6.02 x 10. 
This quantity, V,, is called Avogadro's number. Knowing 
Avogadro's number and the kilogram-mole for carbon one 
can determine the atomic mass unit: 


{ 4c 14 fa Me ae 
1 emus sy = Ty BETO = 1.86 x 1073? ke 
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The number of particles (molecules, atoms) in a cubic metre 
of a homogeneous substance is tormed the particle denauty NV. 
it can be found if the density p (kg/m), molecular mass p 
(atomic mass A) and Avogadro's number are known, 


N=+ Na; N-~=-N, (1.1) 


In the calculations of N approximate values of p and A 
are usually employed, the first three figures being sufficient. 
Thus the approximate atomic mass of beryllium Ane ~ 9.04 
and the approximate molecular mass of water tH,o ~ 18.0. 


Example. Find the molecular density of water H,O0. The 
density of water p = 1000 kg/m® and molecular mass p ~ 
gs 18. According to formula (1.1) 


Nya,0 =o" 6.02 x 10% = 3.34 x 10% molecules/m? 


The number of atoms of any element in a cubic metre of 
the substance can easily be evaluated if the chemical formula 
of the molecule of the substance and the density of the latter 
are known: 


N, = 17, cua (1.2) 


where n, is the number of element i in the molecule. 


Example. How many boron atoms are there in 1 m® of bo- 
ron carbide, B,C, if its density is 2.3 x 108 kg/in3? The molec- 
ular mass of boron carbide p ~ 10.8 x 4+ 12.0 = 55.2, 
There are four boron atoms in each molecule (ng = 4). 

According to formula (1.2) 


3 
Ng = 4 23 X 8" (5.02 x 102 = 1,00 x 102 atoms/in3 

Impurities are usually present in various materials. The 
concentration of an impurity is defined as the amount of it 
in a unit volume of the material. It can be expressed in 
kilograms (or number of atoms, molecules) per unit volume 
or in per ceat etc. The impurity concentration m (kg/m) and 
N (particles/m*) are related by formula (t.4) in which the 
éensity of the substance p should be replaced by the impuri- 
ly concentration m, If the mass concentration of the impurity 
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expressed in per cent is P then m = Pp, x 10-*, where 
Pm is the density of the mixture of substances. The impurity 
concentration N can then be calculated by the formula 


N=PIDN, x 10-2 (1.3) 


where p is the molecular (atomic) mass of the impurity. 


Example. Calculate the concentration of boron Ng in 
carbon if P = 2 x 10-*% and carbon density pc = 1.8 x 
x 10-3 kg/m*. Since the concentration of boron in the car- 
bon is low we may assume pm ~ fc and hence according to 
formula (1.3) 


Np=2x 19-2 18x10 6.02 x 1028 = 2.0 x 1023 atoms/m3 


The molecules in solids and liquids are arranged close to 
each other. Hence the volume V per molecule in such sub- 
stances is comparable to the volume of the molecules. As an 
example, consider the volume of a molecule of water. Since 
the molecular density for water is Ny,o = 3.34 xX 
x 107 molecules/m?, the volume of a single molecule 


Vu,0 % 1/3.34 x 10% = 3 x 10-2 m3 


Assuming that the molecule can approximately be re- 
garded as a sphere, the diameter of a water molecule can be 
calculated to be 


dx \/6Vin = 3.86 x 10-9 m 


The unit of length usually employed in atomic physics is 
the angstrom (A) which is 10-'° m. In these units the diame- 


ter of a water molecule, d, is approximately 3.86 A. 
Atomism is not only a trait of matter but of electricity 
as well. The elementary electric charge e = 1.60 x 10-9 C. 
No other electric charge can be smaller than e and must be 
a multiple of it. Both positive and negative electric charges 
exist. The carrier of the elementary negative charge is the 
electron whose mass m, = 9.1 x 10-"@ kg = 5.5 x 10~amu 
and specific charge e/m,. = 1.76 X 10" C/kg. The elementa- 
ry positive charge is the positron. Its mass and specific 
charge are the same as those of the electron. The positron is 
designated by the symbol e+ and the electron by e-. 
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{.2 Probability and Spectra 


Natural events (phenomena) can be divided into certain 
and random events. A certain event is one which necessarily 
occurs if some S conditions exist. Thus, the boiling of water 
in a vessel is a certain event if the temperature of the water 
is 100°C and the gas pressure above the surface of the water 
p = 1 atm. Events which do not occur under the given S 
conditions are termed impossible events. Water, for exam- 
ple, does not boil at temperatures t < 100°C and a pressure 
p =1 atm. 

An event is called a random event if it does or does not 
occur under some certain conditions. Thus a falling coin may 
land with heads or tails up. Either of these possibilities, 
heads or tails, is a random event. 

The laws governing the behaviour of random events occur- 
ring under certain conditions are studied in probability the- 
ory. One of the main concepts in this theory is that of the 
probability of an event. 

Suppose that under identical conditions random events 
A; (ji = 1, 2, ..., k) occur. Let event A, occur n, times, 
event A, n, times etc. and the total number of events n = 
=n +ma+...+ Mm, m being a sufficiently large num- 
ber. The probability of event A; is defined as the quantity 
f (A,) equal to the ratio of the number of events A; to the 
total number of events, 


f (Ai) = nj/n 


The possibility of event A; occurring can be predicted if 
{ (A,) is known. For a coin thrown upwards under identical 
conditions the probability for it landing with heads or tails 
up is 0.5. 

From the definition of the probability {(A,) it follows 
that the sum of all probabilities is unity, 


hk 
BD Ad = f(A) +) Ad) +. +4 (An) = 1 
This means that if the prescribed conditions are met, one of 
the k events certainly occurs. It may be noted that the 
probability of a certain event is unity and that of an impos- 
sible event, zero. 
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Random physical quantities are defined in a similar man. 
ner. The values of these quantities under a given set of 
conditions may vary. An example of a random physical 
quantity is tho velocity of a gas molecule. At a gas pressure 
of 1 atm a molecule experiences about 10° collisions per 
second and after each collision its velocity changes. Hence 
one may speak only about the probability for the molecule 
to possess a certain velocity. 

Probability theory is applied in statistical physics which 
studies the laws govorning systems containing a large num- 
ber of particles. In such systems the particles are kept 
together by attractive forces or by other means. An example 
of such a system of particles is a gas contained in a closed 
vessel, 

Under normal conditions (pressure p = 760 mm Hg, tem- 
perature ¢ = 0°C) a kilogram-mole of any gas occupies a 
volume of 22.4 m?, In these conditions the molecular density 
of all gases is the same. It can be found by dividing Avogad- 
ro's number by the volume of a kilogram-mole and is 
2.7 x 10° molecules/m?. A comparison of the molecular 
densities of a gas and its liquid shows that the distance be- 
tween the molecules in the gas is much greater than the size 
of the molecules. 

An enormous amount of randum events (e.g., the motion 
of each particle, alteration of its energy) may take place in 
a particle system. A result of the superposition of all these 
events is the emergence of certain laws which are called 
statistical laws and govern the behaviour of the particle 
system. 

Statistical laws involve the mean values of physical 
quantities. These values characterize the state of the system 
and the processes occurring in it. They can either be mea- 
sured directly or determined from the spectrum of the physical 
quantity. The spectrum of a physical quantity (mass spec: 
trum, energy, velocity, frequency spectra etc.) is defined a 
the distribution of the system particles with respect to the 
values of the physical quantity. 

Molecules of mattur are in a stale of continuous motior 
called thermal motion. As a result of this motion the mole: 
cules of o gas frequeatly collide. Under normal conditions the 
@verfage distance a gas mvlecule travels between callision: 
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is {0-* m. During the collisions energy exchange takes place 
between the molecules, the faster ones transferring part of 
their energy to the slower ones. As a consequence of the large 
number of collisions an equilibrium velocity distribution 
(velocity spectrum) is set up in a gas in a closed vessel. 

Two types of spectra may be distinguished. If the distri- 
bution of the particles of a system with respect to a given 
physical quantity is continuous, the spectrum is called 
a continuous spectrum. If the distribution is not continuous 
and the particles can acquire only certain discrete values of 
the physical quantity, the spectrum is called a discrete 
(line) spectrum. An example of a discrete spectrum is the 
mass spectrum of an element which consists of atoms with 
certain values of mass. The distribution of molecules of a gas 
with respect to their velocities (velocity spectrum) is a con- 
tinuous spectrum. 

Spectra of physical quantities can be studied by theoreti- 
cal methods or measured by using instruments called 
spectrometers. Spectra can be plotted as graphs, presented 
in tables or be expressed by analytic functions. 

Suppose the particles of a system can be characterized by 
a random quantity LZ which varies continuously. Since ZL 
is random it is meaningless to speak about the number of 
particles with an exact value of L. This number is indefinite 
and may even be zero. However, the number of particles 
possessing values of Z in an interval between Z and L + dL 
is definite and may be denoted dN (L). Thus dN (ZL) is the 
number of particles in an interval dZ near the given value 
of L. The number dN (LZ) is proportional to the number of 
particles in the system, No, and to the width of the inter- 


val db, 
aN (L) = f (L)N,ab 
The proportionality coefficient 
_ 1 aN (L) 

defines the probability density. It dopends on L and is the 
fraction of particles in the system contained in a unit inter- 
val near L. he function f (L) is thus the probability that 
Pn particle possesses a value of the physical quantity in 
a unit range near L. Moroover, it is the continuous spectrum 
2—u12h6 
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of the physical quantity ZL. The spectrum is normalized ts 
anity which means that the integral of f (L) over all possible 
values of ZL is unity, 
Cs) ‘ No 
0 0 
The properties of a system are determined by the mean 
values of the physical quantities, Z, which can be deter- 
mined from the spectrum of the physical quantity, 
= \ 14 (L) at| | f(L) aL 
0 0 
Since function f (L) is normalized to unity it follows 
P= \ Lf (L) dL 
0 
The velocity spectrum f (v) of gas molecules in a restrict- 
ed volume was first studied by Maxwell. The function / (v) 
is therefore called the Maxwell spectrum or Maxwell distri- 
bution function. Analytically the Maxwell spectrum has 
the form 


jiy—bn (ip) town (BE) 


where v is the velocity of the molecule in m/s, m is the mass 
of the molecule in kg, k = 1.38 x 10-* J/K is the Boltz- 
mann constant and 7 is the temperature of the gas in Kel- 
vin degrees, K. 

The Maxwell spectrum f (v) is depicted in Fig. 1.1. The 
molecular velocities range from zero to very large values. 
However most of the molecules move with volocities close to 
the most probable value v, at which the spectrum is maxi- 
mum. About 42% of the molecules move with volocities 
v<.v,. Consequently, the mean molecular velocity is 
1.128 times greater than v,. The fraction of molecules in an 
interval dv near « velocity v is represented in Fig. 1.1 by 
the crosshatched column. The base of the column is de and 
its mean height f (v). 
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The energy spectrum { (4) of the molucules of a gas in 
eatin ee VE. a 
re ee ( 2) 


The maximum of the Maxwell energy spectrum is located 
at the energy 
Ey = Bpl2 => kT/2 


The mean kinetic energy of the molecules / and the 
kinetic energy Ep corresponding to the most probable velo- 


f 


WV 


Fig. 1.1 Velocity distribution of molecules 


city vp are proportional to the temperature of the gas /: 
E = 3/okT , Ey = kT 


Heating of a gas results in an alternation of the velocity 
distribution. A consequence of this is that the maximum in 
the Maxwell distribution shifts toward higher velocities 
and the temperature of the gas increases. 

Suppose now that the random quantity L for a system of 
N, particles can assume only discrete values L, (i = 1, 
2,...,k,...), and let N; be the number of particles possess- 
ing values L,. The probability that a particle has a value 
L, isequal to fraction of particles with that particular value Z,, 


f (Li) = NiIN, 


The discrete spectrum f (Z£,) is normalized to unity since 
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The mean value of a discrete quantity is 


L =) Lif (Li) 


To illustrate, the atomic mass of an element (see Table 1.1), 
which is the mean atomic mass of the isotopes of that ele- 
ment, can be found from the mass spectrum of the element. 


1.3 Mass and Energy 


The mechanical motion of bodies is always studied in 
inertial coordinate systems. These systems are fixed to other 
bodies which are regarded as being at rest. In studies of 
mechanical motion on the earth the laboratory coordinate 
system fixed to the earth’s surface is usually employed. 
However all bodies, including the earth, are in motion, and 
hence only relative, but not absolute, motion of bodies can 
be observed. 

The laws of mechanics are the same in all inertial coordi- 
nate systems. Thus the laws of free fall of bodies to the 
earth are the same as those for free fall in a uniformly moving 
train, steamship, airplane etc. This is the essence of the 
principle of relativity of motion discovered by Galilei. 

According to the laws of classical mechanics the mass of 
a body is not dependent on its velocity of relative motion. 
These laws have been verified for body velocities much small- 
er than the velocity of light. However in a number of exper- 
iments it was subsequently observed that the masses of 
particles increase at high velocities. The dependence of the 
mass of a particle on its velocity was first ohserved by Kauf- 
mann on measuring the specific charge of the electron. 

Many experimental results which were inconsistent with 
the laws of classical mechanics were explained in 1905 by 
Albert Einstein in his theory of relativity. Underlying the 
first part of the theory, which has been termed the special 
seat of relativity, are two postulates based on experimental 
results. 

1. No experiments carried out in any inertial system can 
ever detect whether the system is moving uniformly or is in 
a state of rest. In other words absolute uniform motion of 
bodies cannot be detected. 
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2. In all reference aystoms the velocity of light in vacuum 
is the same and equal to 3 <x 10° m/s. 

Tho conclusions of the special theory of relativity are vory 
important for an understanding of the physical processes 
encountered in atomic and nuclear physics. It is precisely 
in these fields of physics that the speed of particles is close 
to that of light. We shall now considor two concluaions of 
the special theory of rolativity. 

1. The mass of any body m doponds on its velocity v 
in accordance with the formula 


m 


where m, is the rest mass (mass of the body at v =: 0). The 
mass of a moving body is called its relativistic mass. For 
vice 1 the mass m = my. 

The ratio m/m, for various values of v/c is presented in 
Table 4.2. It can be seen that the mass of a body appreciably 
increases with approach of tho volocity to the volocity of 


light. 


Table 1.2 


Relative Increase of the Mass of a Body on Increaso 
of Its Velocity 


0.55 0.900) 


mi mg | .00002 | 1 .002 | 4 20 22 4 


2. The mass m and energy W of a body are related by the 
equation 


W = me? (1.5) 


where m is the relativistic mass of the body. The mass of 
a body at rest m my, and its energy Wy myc? (rest 
energy). Equation (41.5) shows that energy and mass do not 
exist separately. For an energy W of any form there corre- 
sponds a mass m= W/c3. The energy VW of a body is the sum 
of the rest energy Wy and kinetic energy £, 


W=W,+ E 
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The unit of energy employed in atomic and nuclear physics 
is the electronvolt (eV) which is the energy an electron ac- 
quires on passing through a potential difference of one volt, 
It is related to the joule as follows, 


14 eV =1.6 x 10° J 


A larger energy unit is the mega-electronvolt (MeV), 
1 MeV = 10° eV = 1.6 x 10-8 J 


As an example let us determine the kinetic energy and 
velocity of an electron with an energy W = 5 MeV. The rest 
energy of an electron W, = mc? = 9.1 x 10°" x 9 x 
x 107* = 8.49 x 10-4 J = 0.54 MeV. It may be noted 
that the masses of resting particles are frequently expressed 
in terms of the rest mass of the electron. In order to find 
out how many times the rest mass of a particle exceeds that 
of the electron it is sufficient to divide the rest energy of the 
particle by the rest energy of the electron. Thus the rest 
energy of the hydrogen atom Wy = 937 MeV and its rest 
mass my = 1837 mg. 

The kinetic energy of the electron & = W — W, = 
— 5—0.54 = 4.49 MeV. From equations (1.4) and (1.5) 
we find 


vile=V1—(W,/W)? x 0.99 
and the electron velocity is 
vp 0.99¢ = 2.97 x 10° m/s 


If the velocity of a body is small compared to that of 
light (vic< 1), the binomial formula yields 


fteG) eter) 
and according to formula (1.4) 


m= mg} > mo(=)” 


e 


Inserting this expression for the mass into formula (f.o) we 
get 


7 »> 1 
W © ange? + z meyv? 
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The first term is equal to the rest energy of the body Wy and 
the second to the kinetic onergy of the body, 


E = mv 


1.4 Electromagnetic Radiation 


Electromagnetic waves are emitted by charges moving with 
acceleration. If a charge oscillates with a constant frequency 
. it excites an electromagnetic wave of the samé frequency. 
The electric E and magnetic H intensities of the efectromag- 
netic field are numerically equal. They are perpendicular to 
each other and to the direction of propagation of the wave 
and oscillate with the same frequency v. If electrons oscillate 
in an antenna with a frequency v, radio waves will be emit- 
ted. Another example of accelerated motion of electrons is 
when they revolve in a circle with a frequency v. 

The oscillation period 7 and wavelength A of electro- 
magnetic radiation are related by the equations 


T=1/A; N=clv 


Electromagnetic radiation can be divided into several 
types (Table 1.3) 


Table 1.3 
Types of Electromagnetic Radiation 

Fo 

Radiation Frequency range, Hz Wavelength range, m 
a Re 
Radio waves 104-104 3 X 104-0.3 x 40-3 
Infrared 104-4 x 1014 0.3 X 10-3-7.5 x 10-7 
Visible light 4X 10!4-7.5 x 41014 7.5 X 40-7-4 x 410-7 
Ultraviolet 7.5 X 1034-3 x 1018 4X 40-7-49-10 
X-ray 3 X 101®-3 x 102° 40-8-40-13 
Gamma 3 X 101-3 x 1022 40-1-40-14 


The properties of electromagnotic radiation depend only 
on its frequency v but not on the way it is generated. Infrared 
light produces a feeling of warmth in man and hence is 
frequently called heat radiation, X-rays are used in medicine 
for diagnosis of diseases duo to its high penetrating power. 
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The wave properties of electromagnetic radiation are con. 
firmod by various experiments and in particular by experi- 
ments on the diffraction of waves. Diffraction of radiation is 
observed when the radiation interacts with bodies whose size 
is comparable to that of the wavelength A. As a result of 
diffraction alternating maxima and minima of the radiation 
intensity are formed. As an example consider the diffraction 
of X-rays on reflection from the surface of a single crystal 


Fig. 1.2 Reflection of X-rays by a crystal plane 


(Fig. 1.2). The single crystal consists of atoms arranged in 
a regular pattern. The distance between the atoms (lattice 
constant) is approximately equal to the size of the atoms 
(40-1 m) and of the same order of magnitude as the wave- 
length of X-rays. 

All atoms lying in the same plane form a crystal plane. 
For X-rays incident on the surface of a single crystal at an 
angle @ the crystal planes are effectively semitransparent 
mirrors. They reflect part of the rays and transmit the re- 
maining ones. A single crystal is therefore an array of such 
reflecting planes. 

Suppose the radiation is reflected from two neighbouring 
crystal planes (beams / and 2, Fig. 1.2). The path difference 
of the beams in the crystal, /, is the sum of the segments CB 
and BD. The angle of incidence of the radiation is equal to 
the angle of reflection. The right triangles ABC and ABD 
are therefure congruent. Hence BC - BD = d sin 0. The 
intensity of the radiation will be enhanced if the reflected 
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beams leave tho crystal in the same phase. This condition 
is met if the path difference J is equal to an integral number 
of wavelengths, 

ni = 2d sin 8 


where n =1,2,3,... This equation was derived independent- 
ly by the Russian physicist Vul’f and the English physicist 
Bragg and is therefore called the Vul’f-Bragg equation. 

If the path difference is equal to a nonintegral number of 
wavelengths the reflected rays will leave the crystal in 
different phases and therefore will be partially or completely 
quenched. Complete quenching occurs when / is equal to an 
uneven number of half wavelengths and is observed at an 
angle 8 such that 


2ntt 1= 2dsin 0 


The wave theory of light satisfactorily explains such phe- 
nomena as diffraction, interference etc. However, it yields 
erroneous results for the photoelectric effect. 

The photoelectric effect consists in the ejection of electrons 
from a substance as a result of irradiation by light. A mini- 
mum light frequency v» exists below which the effect does 
not occur. This frequency is called the photoelectric threshold 
frequency. The lowest threshold frequency is observed in the 
alkali metals, particularly in caesium, which are used to 
cover the cathodes of photocells. 

The wave theory of light explains the ejection of electrons 
from a metal as follows. The periodic electric field of the 
light wave produces a periodic force in the metal which 
“rocks” the electron and conveys energy to it which may be 
sufficient for its ejection (the minimum amount of energy 
required to eject an electron is called the work function). 
The higher the intensity of the light the greater one would 
expect the electron to be rocked and the higher would be its 
velocity. According to the wave theory photoelectrons should 
appear only acertain time after the beginning of illumination 
of the metal. This is the time required for the electrons to 
be rocked sufficiently to acquire an amount of energy which 
exceeds the work function. The wave theory predicts that 
a time of several hours would be required for this amount of 
energy to be accumulated at low light intensities, Llowever, 
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these predictions of the wave theory are not in agreement 
with the experimental data. First of all, the velocities of the 
photoelectrons depend on the frequency and not on the 
intensity of the light, and secondly the emission of photo- 
electrons commences immediately after the beginning of 
illumination of the metal. 

In 1905 Einstein showed that all regularities of the photo- 
effect could be explained by the corpuscular theory of light. 
In this theory light is regarded as a stream of electrically 
neutral particles called photons. The energy of a photon 
Ey» is proportional to frequency of the light v 


Eon = hv 


where h = 6.62 x 107% J-s = 4.13 x 10-15 eV-s is the 
Planck constant. 


A photon always moves with the velocity of light and its 
relativistic mass 


Mon = Epp /e? = hv/c? 


The rest mass of a photon is zero since a photon cannot be 
at rest as an electron, atom etc. can. 

According to the corpuscular theory of light the photons 
incident on the surface of a metal are absorbed by the elec- 
trons in the metal. Part of the photon energy E,, = hv is 
spent on overcoming the work function W, and the other 
part is spent in imparting kinetic energy to the photoelec- 
tron E. In accordance with the law of conservation of energy 


nw =W.+E 


Since the work function W, is equal to the least energy of 
a photon sufficient to eject an electron, hvg, we may substi- 
tute hv, for W,. and hence 


hv = hvo+ E 


where v, is the threshold frequency. This equation can be 
useful in explaining the experimental results on the photo- 
effect. Thus the energy and hence the velocity of the photo- 
electron is seen to be dependent on the energy E,, = hv of 
the photon absorbed by the electron in the metal. Since ener- 
gy is transmitted to the electrons instantaneously, the phote- 
electrons are emitted immediately after commencement of 
illumination of the metal. 
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The photoelectron energy is a linear function of the fre- 
quency v and this permits an experimental determination 
of the Planck constant h. For this purpose the energy of 
photoelectrons in a photocell is measured at various light 
frequencies. The dependence E = f (v) is then plotted and 
should be a straight line. The slope of the line is equal 
numerically to the Planck constant h. 

A study of the properties of electromagnetic radiation 
revealed that some of the experimental data could be ex- 
plained by the wave theory and others by the corpuscular 
theory of light. Neither of these theories can separately 
explain all the experimental facts. Thus dualism in the nature 
of electromagnetic radiation is observed. The quantum theory 
of radiation, which embraces both the wave and corpuscular 
properties of light, is now employed by scientists to explain 
a variety of natural phenomena. 


1.5 Structure of the Atom 


Up to the end of XIX century the atom was considered 
indivisible. However, some phenomena indicated that the 
atom may possess a complex structure. Several models of the 
atom were proposed at the beginning of the XX century. 
These models, it was hoped, would be useful in explaining 
a number of puzzling experimental results such as the line 
structure of the emission spectra of gases at high temperatures 
and the electric neutrality of the atom and its stability. 

A planetary model of the atom similar to that of the solar 
system was proposed by Ernest Rutherford in 19441. In this 
model a small nucleus of about 10-* m in size is located in 
the centre of the atom whose size is approximately 10-'* m. 
Almost all the mass of the atom is concentrated in the 
nucleus. The nucleus has a positive charge Ze, where Z 
is the atomic (ordinal) number of the element in the Mendele- 
ev periodic system. Electrons move around the nuclous in 
circular orbits. Their charge compensates the positive charge 
of the nucleus, which explains why the atom is neutral. 

Kach moving electron experiences a centripetal force equal 
to the coulomb force of attraction between the electron and 
nucleus. This furce presumably ensures stable orbital motion 


28 Atomic and Nuclear Physics 


of the electron in the atom, which is similar to the orbita] 
motion of planets about the sun. 

The planetary model however turned out to be untenable. 
Indeed, the electron moves in the atom with acceleration. [t 
should therefore emit energy and after having lost all its 
energy it should fall onto the nucleus. Thus, under any con- 
ditions the atom should emit electromagnetic waves accord- 
ing to the planetary model and hence be unstable. Actually 
the atom is a very stable system and does not emit radiation 
at low temperatures. Atoms begin to emit radiation appre- 
ciably only at high temperatures and the emission spectrum 
of gases is linear. 

A solution to this problem was suggested by the Danish 
physicist Niels Bohr in 1913. He developed a new model in 
which some of the main features of the planetary model were 
retained. He assumed that the motion of electrons in the 
atom and the emission and absorption of electromagnetic 
waves by the atom do not obey the classical laws of physics, 
as assumed in the planetary model, but are governed by 
novel quantum laws. These laws were formulated as two 
postulates. 

4. Electrons moving in the atom in definite stationary 
orbits do not emit electromagnetic waves and the energies of 
the electrons are discrete values W,, Wo, ..., Wp. 

2. When an electron jumps from one orbit to another its 
energy changes by a discrete value 


AW = Wr, — Wn 


where W,,, and W,, are the final and initial energies of the 
electron. If AW > 0 the atom absorbs energy, and if AW < 
< 0, it emits a photon with a frequency v = —AW/h. 

According to Bohr’s theory the orbital electrons in the 
atom are grouped together in electron shells to which num- 
bers may be ascribed, the numbers increasing with the dis- 
tance from the nucleus. These shell numbers n= 1, 2,3... 
are called quantum numbers. Electron shells with quantum 
numbers n = 1, 2,3, 4,5,6,... are designated respectively 
as K,L,M,N,O,P... shells. Thus the first shell (mn -= t) 
is the K-shell ete. All electrons of an nth shell have the same 
energy W, which is usually referred to the total rest energy 
of the nucleus and all atomic electrons. 
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The electron is not only attracted by the nucleus but 
repulsed by the other electrons which weaken its attraction to 
the nucleus. This effect is called screening. It is greater for 
the farthermost shells. Electrons of the K- and L-shells are 
almost not screened in many-electron atoms. These electrons 
are most strongly bound in the atom. 

In general there is an infinite number of electron shells in 
an atom. However only a few of them are filled completely or 
partially by the Z electrons and the remaining are empty. In 
the absence of external forces the electrons fill in the shells 
closest to the nucleus. In each mth shell there may be up to 
2n? electrons. This array corresponds to a minimum energy 
of the atom and hence ensures its stability. This state is 
called the grownd state and the respective energy—the 
ground energy level (ground level). If external forces act on 
the atom (for example, as a result of inelastic collisions* 
with other atoms or free electrons etc.) a certain amount of 
energy may be imparted to an electron which may jump into 
a vacancy in one of the outer shells. The atom is then said 
to be in an excited state and its energy is referred to as an 
excited energy level (excited level). The atom is ionized if an 
electron in some shell n, is completely removed from the 
atom (ng = ©). 

The excited atom is unstable. Its lifetime is approximately 
10-8 s. The electron jumps to an orbit in a shell closer to the 
nucleus and the atom returns to the ground state. A photon is 
emitted on transition of an excited atom from the excited 
to ground state. 

The nucleus and atom are bound-particle system. In such 
systems the particles are held together by attractive forces. 
The bond of a particle a in a system can be characterized by 
the binding energy &,. This is the energy required tu remove 
particle a from the system (e.g. an electron from the atom). 
The binding energy of a system of particles, W,, is the energy 
required to break the bonds between all particles of the 
system. If particle a returns to the bound-particle system an 


© In Inelastic collisions of two particles part of the kinetic euergy 
in spent in altering the inner state of the ahaPtic lus lu elastic collisions 
only a rodistribution of kinetic energy occurs between the particles, 
their internal state remaining the same, 
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amount of energy ¢, is released and if the whole system is 
resynthesized the energy liberated is W,. According to for- 
mula (1.5), during the synthesis of a bound system of parti- 
cles part of the rest energy is transformed into other types of 
energy. This transformation of rest energy into other types of 
energy may shortly be termed energy liberation (or release). 

The binding energy of electrons in atoms can be measured 
by bombarding the atoms with fast electrons. At a certain 
accelerating potential difference U; the energy of the bom- 
barding electrons E; becomes equal to the binding energy of 
electrons in the outermost shell W, and ionization of the 
atoms commences. The potential difference U; is the ioniza- 
tion potential. 

The chemical properties of elements depend on the number 
of electrons in the outer shell. These electrons are bound to 
the nucleus more weakly than those of the inner shells. 
In chemical reactions the outer shell electrons, which are 
also called valence electrons, are transferred from one atom 
to another. Electrons of the outer, but filled, shells are more 
strongly bound in the atom than are the electrons of outer 
but not completely filled shells. This is why the noble gases 
(helium, neon etc.) are chemically inert under normal con- 
ditions. The noble gases are monoatomic precisely because 
the outer shells of the atoms are filled. 

Consider now the order of filling of the atomic shells. 
Hydrogen has a single electron in the K-shell and is unival- 
ent. In helium the K-shell is filled and it is an inert gas. Since 
pot more than 2n? = 2 electrons can be in the K-shell, the 
L-shell begins to be filled in univalent lithium. This shell is 
completely filled in the atoms of the inert gas neon. 

Building-up of the M-shell begins in sodium, tho first 
element of the third row of the Mendeleev periodic table. 
There is one electron in the outer M-shell and the chemical 
properties of sodium are therefore similar to those of lithi- 
um. Beryllium and magnesium, which have two electrons in 
the outer shell, are divalent elements. An interesting fva- 
ture of the structure of the electron shells in the rare-earth 
elements (lanthanides) which occupy a single group in the 

eriodic table (Z =» 57-71) shoul bo uoted. Dospite the 

act that their atomic numbers are different, the chemical 
proporties of all the lanthanides are similar. In the atoms of 
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these elements the binding energy is maximal if the usual 
order of filling up of the shells is violated. The first three 
shells in cerium (Z = 58) are completed shells; there are 
19 electrons in the N-shell (n = 4), 9 in the O-shell and 2 in 
the outermost P-shell. In the praseodymium atom (Z = 959) 
the N-shell has 21 electrons, the O-shell 8 and the P-shell, 
as in cerium, 2 electrons etc. Thus with increase of the atom- 
ic number of the lanthanides the vacancies in the inner 
shells are filled, only two electrons being in the outer shell. 
A similar pattern is observed in the actinides (Z = 90-103), 
the P-shell of which also contains two electrons. 

The physical essence of the Mendeleev periodic law is 
defined by the structure of the electron shells. According to 
the law, the properties of the elements should repeat periodi- 
cally with increase of the atomic mass. However exclusions 
from this law had to be invoked. Nickel (A = 58.71), for 
example, had to be arranged behind cobalt (A = 58.93) in 
accordance with the chemical properties. The cause of such 
deviations was explained by the Bohr theory: the properties 
of the elements should repeat periodically not on increase of 
the atomic mass but on increase of the atomic number Z. 
The structure of the external shell repeats periodically with 
increase of Z and hence the chemical properties of the ele- 
ments should also vary periodically. 


1.6 Atomic Spectra 


Line spectra of atoms reflect the structure of the atomic 
electron shells. Certain regularities are observed in any 
atomic spectrum. The latter consists of a number of optical 
and X-ray series of lines. With increase of frequency of 
the emitted radiation the lines become closer together, their 
intensity falls and a limit is reached at which the series 
terminates. 

Atoms emit electromagnetic radiation only in the excited 
state. On transition of an electron from a shell with quantum 
number 7, to a shell with n, (nm, > n,), a photon with energy 
hy = — AW is emitted. As n, increases the froquency of the 
photon emitted approaches the limiting value v,:- v,/h, 
where e, is the binding energy of the electron in shell ay. 

The energies of eloctruns in atomic shelJs can be repre- 
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sented by a diagram (Fig. 1.3). This electron energy level 
diagram cunsists of a number of horizontal lines arranged at 
different heights. The distance between some nth hurizontal 
line and a given reference line is plotted to be proportional 
to the energy W,. The energies W, and quantum numbers n 
are written near each line. Possible electronic transitions in 
the excited atom are designated by the vertical arrows. 

Lines of the K-series are emitted when electrons jump 


K-series L-series M-sertes 


W, N(n=4) 
W,— M(n=3) 
W> L(n=2) 
W, K(n=1) 


Fig. 1.3 Energies of electrons in atomic shells and X-ray serivs 


into the K-shell; the Z-series is emitted when an electronic 
transition to the Z-shell occurs etc. The K-series consists vo! 
K,, Kg and other lines, the L-series of La, Lg, and other 
lines. 

Suppose that there is a vacancy in the A-shell and that 
electrons from outer shells may occupy the vacancy. It has 
been found that the probability for an electronic transition 
to the K-shell from any other shell, and hence the intensity 
of the respective line, decreases with increase of the quantum 
number n of the outer shell. The most probable is a transition 
from the L-shell which is the closest to the A-shell. Corres- 
pondingly the A,-line is the most intense in the A-series. 
The set of electronic transitions to the A-shell from all 
possible excited states of the atoms yields the A-series. The 
other spectral series are produced in a similar way, 

iach transition of an electron in an excited alum involves 
the emission of a single photon. Several photons can be 
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emitted if the transition is accompanied by other transitions. 
If an electron from the outer shell jumps directly into the 
A-shell only one photon will be radiated. If, however, an 
electron from the L-shell first moves into the K-shell and 
then an electron from an outer shell moves into the L-shell, 
two photons will be emitted etc. It should be noted that the 
transition of an electron from an atomic shell to another 
shell corresponds to the transition of the atom from a certain 
energy level to another level, the energies of the electron 
and atom being altered by the same amount. 

The hydrogen atom is the simplest. The nucleus is the 
proton designated by p. The proton mass m, = 1.007276 amu 
is 1836 times greater than the electron mass. The positive 
charge of the proton is equal to the elementary electric 
charge 1.60 x 10-1 C. According to the Bohr theory the emis- 
sion spectrum of hydrogen can be expressed by the formula 


= cR (A/ni — 1/n}) (1.6) 


where R = 1.097 x 10-7 m7! is the Rydberg constant and c 
is the velocity of light in m/s. 

The so-called Balmer series is emitted in transitions from 
shells with nz, = 3, 4, 5, ... to the L-shell (n, = 2). This 
series was established experimentally before the appearance 
of Bohr’s theory. On the basis of formula (4.6) Bohr predict- 
ed several other spectral series for hydrogen which were 
subsequently observed experimentally. The agreement be- 
tween the theory and experiments for the hydrogen atom 
seemed to prove the validity of the Bohr postulates regarding 
the motion of electrons in atoms. ° 

The spectra of many-electron atoms are very complex. 
This is due to electron screening in the atom which varies 
on increase of the distance of the shell from the nucleus. 

X-rays are emitted in transitions of the electrons to the 
inner shells. Optical radiation is connected with electronic 
transitions in the outer shells. Optical radiation can be di- 
vided into ultraviolet, visible and infrared light. 

Consider the effect of electron screening on the properties 
of the optical and X-ray spectra. Tt has been mentioned 
that cleetrons of the outermost shell are weakly bound te the 
nucleus. Only an effective nuclear charge e but not the total 
charge acta on an cloctron of the outer ahell. The remaining 
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part of the nuclear charge is neutralized by the (Z - 1) oth- 
er electrons of the atont. Hence the properties of the optical 
spectrum are almost completely determined by the structure 
of the external shell and only weakly depend on the atomic 
number Z. Since the structure of the outer shell varies peri- 
odically, the properties of the optical spectrum vary in a simi- 
lar manner. As an example, the outer shells of the alkali 
metal atoms contain only one electron. These electrons emit 
light whose frequencies are much the same for the various 
alkali metals. Thus there is no appreciable dependence of 
the frequency on the atomic number. 

The X-ray frequency varies in a different manner. It strong- 
ly depends on the nuclear charge. As an example consider 
the K,-line. An effective nuclear charge equal to (Z — 1)e 
acts on the electrons of the A- and L-shells. According to 
the Bohr theory the frequency of the A,-line can be found 
by applying formula (1.6), which should first be multiplied 
by (Z — 1)?, and by assuming n, = 1, ny ~ 2, 


v = SeR(Z—1) 


For atomic numbers Z >> 1 the frequency of the A-line is 
proportional to Z®. Thus with increase of the atomic number 
no periodicity in the properties of the X-ray spectrum is 
observed as in the case of the optical spectrum, 

Taking the square root of both sides of the last equation 
and substituting 1/A for v/c we get 


V 1/0 x V (3/4) R(Z—1) 


The square root of the inverse wavelength of the A-line 
is thus a linear function of the atomic number. A linear de- 


pendence of VY 1/A on Z is observed for the K-, L- and A- 
series of lines in the X-ray spectrum. This regularity was 
first observed experimentally in 1913 by the English physi- 
cist Moseley and hence has been called the AVoseley lau. 
She nuclear charge has been determined with greater preci- 
sion by measuring the Ag-line frequencies of various ole- 
ments and applying the Moseley law. 

‘The line spacing iu the X-ray spectrum is specitic for each 
element. The structure of the X ray spectrum, which isa ce 
flection of the propertios of tho inner electron shells, is 
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characteristic of the atom. The X-ray line spectrum of ele- 
ments has therefore been termed the characteristic spectrum. 

Bohr’s theory gave insight into the structure of the atom. 
The results of the theory pertaining to the emission of radia- 
tion by the hydrogen atom were in brilliant agreement with 
the experimental results. The Bohr theory could explain the 
origin of the line spectra of complex elements, Mendeleev’s 
periodic law and Moseley’s law. However it was puzzling 
why the motion of electrons in atoms obeys the two postu- 
lates. The latter were introduced by Bohr without any proof 
and the justification was that theoretical predictions could 
be made which were in agreement with the experimental 
results. A theoretical study of the structure of the atom was 
continued in quantum mechanics in which the laws of motion 
in atoms and other quantum systems were established on 
a new basis. 


CHAPTER 2 


FUNDAMENTALS OF QUANTUM 
MECHANICS 


2.1 The Subject of Quantum Mechanics 


The laws of the macroscopic world (macrocosm) are stud- 
ied in classical physics. This world consists of bodies formed 
by enormous numbers of atoms and molecules. Almost 
all of the experimental results seemed to have been explained 
by the end of the XIX century due to the discoveries made by 
Galilei, Newton, Lomonosov and other scientists. However 
the nature of the photoeffect and of some other phenomena 
remained to be clarified. The study of these phenomena ini- 
tiated the penetration of physics into the secrets of the micro- 
scopic world (microcosm) in which the properties of atoms, 
electrons and other microparticles are of particular impor- 
tance. The investigations of Planck and Einstein on the in- 
teraction between light and matter laid the foundations of the 
quantum theory of electromagnetic radiation. According to 
the quantum theory, light is a stream of photons possessing 
an energy E and momentum p, 


E=hv ! 


The left-hand sides of these equations (energy, momentum) 
are characteristics of particles (corpuscles), whereas the 
right-hand sides (frequency, wavelength A == e/v) are charac- 
teristics of electromagnetic waves. Thus equation set (2.1). 
as written, reflects the dualism of light (wave-particle). On 
the one hand light resembles a gas consisting of photons 
with an energy E and momentum p, and on the other it may 
be regarded as a continuous electromagnetic wave of frequen- 
cy v. Depending on the experimental conditions light exhib- 
its either corpuscular or wave properties. 

In 1923 the French physicist Louis de Broglie proposed 
the hypothesis, which was soon confirmed experimentally, 
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that any moving body possesses both curpuscular and wave 
properties. The kinetic energy and momentum of a body are 
related to the frequency and wavelength in accordance with 
equations (2.1). The wavelength of a moving body can be 
found from the second equation in which the momentum p is 
replaced by the product of the relativistic mass m and the 
velocity v, 


4 = himy (2.2) 


With increase of mass of the body its wavelength tends to 
zero. The wavelength of macroscopic bodies is incomparably 
smaller than the sizes of the bodies themselves even at very 
low velocities. Consequently the wave process does not affect 
the interaction between macroscopic bodies. 

The mass of microparticles (electron, proton, neutron, 
atums etc.) is comparable to the atomic mass unit and the 
wavelength of the microparticle may be significant even at 
low velocities. Thus the wavelength of an electron with 
a kinetic energy 100 eV is 1.33 A and comparable to the 
crystal lattice constant d. If the surface of a crystal is 
irradiated with an electron beam of wavelength 4 ~ d 
(see Fig. 1.2) it will be found that the electrons in the reflected 
beam are diffracted. Experiments on the reflection of elec- 
trons from the surface of crystals supplied the first proof of 
the currectness of the de Broglie hypothesis. 

The particle wavelength decreases with increase of the 
velocity v. For velocities close to that of light the wavelength 
is very small. For electrons with energies of 100 MeV the 


wavelength 4 ~ 3 x 10-* A which is about 1000 times 
smaller than the lattice constant. No diffraction is observed 
for such electron beams. 

The wave properties of particles appreciably affect their 
motion in quantum phenomena. The wavelength uf the 
particles is of the same order of magnitude as the sizes of 
the atoms and molecules, particularly if the velocity is not 
high. Thus interacting microparticles behave in some cases as 
waves and in others (at high velocities) as particles. This 
is one of the features of the microcosm. 

Another feature of the microcosm is the discreteness of the 
mechanical and magnetic quantities (energy, angular momen- 
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tum etc.) in bound-particle systems (atoms, nuclei ete.), 
Whereas these quantities vary continuously in the macro- 
scopic world, they may assume only discrete values in the 
microcosm. 

The laws of motion in the microcosm are one of the main 
objects of study in quantum mechanics. Quantum mechanics 
reflects a qualitatively new stage of understanding of nature 
and correspondingly employs novel concepts. Some concepts, 
such as that of momentum, angular momentum, magnetic 
moment are borrowed from classical physics. However in 
quantum mechanics their meaning is somewhat different. 

In quantum mechanics information on motion in the 
microcosm is contained in the wave function VY (psi func- 
tion). This function can be found by solving the wave equa- 
tion first derived by the Austrian physicist Schrédinger and 
called the Schrédinger equation. It describes quantum phenom- 
ena for velocities v<c. Relativistic quantum processes 
(v ~ c) are described by the Dirac equation. One of the proub- 
lems of quantum mechanics is the solution of the Schrédin- 
ger or Dirac equation for concrete quantum systems (atom, 
nuclei etc.). The wave function yields the distribution of 
particles with respect to quantum states characterized by 
discrete values of the energy, angular momentum and other 
quantities. The wave function is therefore a function of 
state of a particle in the microcosm. In the general case 
the wave function ¥ is a complex quantity. Its physical 
significance is that the square of the wave function | ¥ (r, t)|? 
is the probability density for finding the particles in a cer- 
tain state near a point r at a time tf. 

Planck's constant plays a special role in quantum mecha- 
nics. It is found in all expressions for quantities character- 
izing quantum processes (photon energy, particle wavelength 
etc.). If these quantities can be neglected in considering 
some certain motion, it can be asserted that the motion is 
governed by the classical laws. Thus there is no sense in 
taking into account the wavelength A = h/mv of macroscopic 
bodies. The laws of classical mechanics are limiting cases 
of the laws of quantum mechanics on transition fram the 
microcosin to macrocosm, 
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2.2 Quantum States of Electrons in Atoms 


The quantum state of an electron in an atom is charac- 
terized by its energy, angular momentum and magnetic mo- 
ment which can have only discrete values. In other words, 
these quantities are quantized. Electrons in a shell with 
a given number nm move with the same energy. As in the Bohr 
theory the number n = 1, 2,3,... characterizes the discrete 
energy states of the electrons and the number of the electron 
shell. In quantum mechanics 
n is called the principal quan- 
tum number. 

The motion of an electron 
in its orbit is characterized 
by its orbital angular momen- 7% aN 
tum L. It is directed along the ( + hi 
axis of rotation oftheelectron  \ i 
perpendicular to the plane of 
the orbit (Fig. 2.1). 

The absolute value of the 
orbital angular momentum can 


only have values such that 
| hy l (Z +- 1), where h == 
==h/2n. The integer lis called 
the azimuthal quantum number. 


M 


Fig. 2.1 Relative position of 

the orbital momentum L and 

magnetic moment M of an elec- 
tron 


For a shell with a principal 
quantum number n, it may 
have values ranging from 0 to n — 1. Thus the azimuthal 
quantum number for an electron in the nth shell may have n 
different values. The only value of the azimuthal quantum 
number for the K-shell is zero. ‘This would seem to be impos- 
sible for orbital motion. Actually an electron with J = 0 
does not have a definite orbit. It can be found with equal 
probability at any point on the surface of a sphere with 
a radius equal to that of the shell. Since the orbital angular 
momentum is directed in space its mean value in the case of 
an electron moving over the surface of a sphere with equal 
probability in different directions will be zero. Tn the Z- 
Bhell (a ~ 2) the azimuthal quantum number may have two 
values, 0 and 1. As in the case of A-orbit an eleetron with 
L =: Q can be found with equal probability at any point on 
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the sphere in the Z-shell. The orientation of the electron 
orbital motion for 7 -  f is more pronounced. 

The mean absolute value of L for n = 1 is RY 2. In the 
M-shell (rn =~ 3) the absolute value of the angular momentum 
may be 0, A)’ 2 and AV 6. 

The states of electrons in an nth shell with unequal azi- 
muthal quantum numbers are somewhat different. A conse- 
quence is that the mth shell splits up into n subshells. They 
have the same principal quantum number but different 
azimuthal quantum numbers. 

The orbital motion of an electron may be viewed as a Cir- 
culating electric current. It may be mentioned that the 
direction of the current is accepted to be that of the positive 
charge flow. Therefore the orbital current flows opposite the 
movement of the electron. A circulating current produces 
a magnetic field (see Fig. 2.1) with a magnetic moment M. 
The moment is directed from the south to north pole and 
hence is opposite to the direction of the angular momentum L. 
The magnetic moment M is also quantized. Its absolute value 
is proportional to the Bohr magneton py = eh/2m, = 
= 9.27 x 10-** J/T. The magnetic moment and orbital 
angular momentum are proportional to each other and the 
possible values of the magnetic moment are 


M=wpV l(1+1) =eL/2m, 


Consider now what will happen if an atom is in a magnetic 
field directed along the z-axis. The magnetic field orientates 
the orbital magnetic moments in certain directions. There is 
only one stable direction for a compass needle and that is 
when the magnetic moment is directed along the field. How- 
ever the situation in the microcosm is quite different. The 
magnetic moment is directed in such a way that the projec- 
tion of the orbital angular momentum on the z-axis can only 
have values which are multiples of #. The orbital angular 


momentum L = AV 12 (J = 3), for example, can have only 
seven directions, the projection of the orbital angular mo- 
mentum on the direction of the field having the values 
—$h, —2h, —h, 0, h, 2h and 3h (Fig. 2.2). The projection 
of the angular momentum on the z-axis 4, can briefly be 
denoted mh. The number m is the magnetic quantum number. 
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It has 2! * 1 integral values for an orbital angular momen- 
tum with an azimuthal quantum number /. The values of 
the magnetic quantum number vary from --/ to —/. 

The dimension of the constant A is the same as that for 
action (product of energy by time or angular momentum). 
The constant serves as a unit vf measurement of action and 
is called the quantum of action. Experimentally it is not the 
absolute value of the angular momentum L which is mea- 
sured but its projection L, which is always a multiple of h. 

The electron rotates about its own axis with an angular 
mumentum S called its spin. Roughly one may visualize 


Fig. 2.2 Possible values of the Fig. 2.3 Relative position of 
projections of the orbital mo- — the intrinsic angular momentum 
mentum L = kY 12 on the (spin) and magnetic moment of 


magnetic field direction (1 = 3) an electron 


the electron as a spinning top. The electron spin can have 


only one value, # V 3/2. Rotation of the electron, which is 
an electric charge, effectively produces a circulating electric 
current. Hence the electron has a magnetic moment which is 
directed opposite to the spin and is cqual to pyV 3. 
The orientation of the electron spin in an external mag- 
netic field is determined by the orientation of the electron 
magnetic moment. This orientation is such that in an exter- 
nal magnetic field the projection of the spinSon the direetion 
of the magnetic field may equal either -h/2 or | A/2. These 
possible values of the spin component may be expressed by 
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the formula S, — Am,. The number m,, which is either 
1/2 or —1/2, is called the spin quantum number. 

In discussions regarding the motion of coupled electrons 
and other particles the angular momenta and magnetic 
moment L, S and M are usually replaced by their maximum 
projections hl, #/2, wol etc. This simplification will also be 
used in the present book and is usually employed in other 
books for designation of the particle spins in tables or on 
depiction of the particles on the basis of models. 

As an example, the electron is depicted in Fig. 2.3, and 
the maximum projections of the spin #/2 and of the intrin- 
sic magnetic moment p, are indicated. 

Depending on their spins elementary particles can be 
divided into fermions and bosons. Fermions are particles 
with half-integral spins (#/2, 3h/2, . . .). Such are the elect- 
ron, proton and neutron which all have a spin #/2. The spin 
of bosons is a multiple of # (0, h, 2h, . . .). A typical repre- 
sentative of the bosons is the photon which has a spin 
equal to h. 

The quantum states of electrons in atoms are character- 
ized by four quantum numbers, the principal quantum num- 
ber n, azimuthal 1, magnetic m and spin m,. In order to 
explain the composition and structure of the electron shells 
of atoms the Austrian physicist Pauli formulated in 1924 
a general principle which has been called the Pauli principle 
(or Pauli exclusion principle). According to this principle 
no two electrons in an atom can be in the same quantum 
state. This means that the quantum states of any two elec- 
trons in an atom must differ with respect to at least one quan- 
tum number. As an example, in the A-shell (mn = 1) the 
only possible values for the electrons are l = 0 and m = 0. 
Therefore there may be only two electrons in the shell, one 
of which has m, = 1/2 and the other ms = —1/2. In this 
case the principal, azimuthal and magnetic quantum num- 
bers are the same but the spin quantum numbers are diffe- 
rent. In the L-shell (n = 2) / may have two values, O and t. 
As for the A-shell there cannot be more than two electrons if 
L-~ UOandm 0. For/ 4 the magnetic quantum number 
may have three values (2/ + 1 3), 1,0, 4. In each state 
there may be two electrons with opposite spins. The total 
number of electrons in the L-shell with ¢ == 1 is therefore 
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2(2/ 4 1) ~ 2 3 — 6. Altogether there cannot be more 
than 2 + 6 —~ Selectrons in the L-shell: two with (| 0 and 
six with J -. 4. 

Let us find the maximum number of electrons in some nth 
shell. There can be two electrons in a state with / - 0, six 
electrons for 1 = 1, ten for 1 = 2 etc. In a state with / - 
= n — 1 there can be 2 (2n — 1) electrons. The sum of all 
the electrons 24-6+104 ...+ 2 (2n — 1) is an increas- 
ing arithmetic progression with a difference 4 and contai- 
ning n terms. The maximum number in the nth shell is 
the sum of all terms of the progression, viz. 


24+2(2n—1), 9,2 
a n= 


As mentioned above not only electrons but other fermions 
obey the Pauli principle. This is the main difference between 
fermions and the bosons which are not governed by the Pauli 
principle. Thus the physical essence of the Mendeleev peri- 
odic law, which is a reflection of the distribution of electrons 
in discrete quantum states in atoms, was elucidated by the 
exclusion principle. 

In the present section of this chapter use was made of the 
classical term electron orbit. We shall now inquire what 
meaning should be attached to this term in the microcosm. 


2.3 Uncertainty Principle 


In classical mechanics the trajectory of a moving body 
may be characterized by exact values of its coordinates and 
momentum at any given time ¢, the two quantities being 
interrelated. Uniform rectilinear motion of a body of mass m 
and velocity v is described, for example, by the coordinate 
z(t) = vt and momentum p = mv. Hence z (t) = ptim. 

In the microcosm particles display wave properties under 
some conditions and corpuscular properties under other. 
The exact position of a particle can be found only if the 
corpuscular properties are predominant, as in the Bohr theory 
of the atom. However if the wave properties are significant 
this should not be possible. Wave processes occur in a large 
part of space and hence it is meaningless to speak of the 
coordinate of a wave. 
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In quantum mechanics it is shown that if the wave prop. 
ertics of particles are taken into account, no particle can 
simultaneously pussess exact coordinate and momentum 
values and that these two quantities are not interrelated. 
If the momentum of a particle is known exactly its position 
is uncertain and vice versa. This behaviour is described by 
the uncertainty principle or the Heisenberg principle, as it is 
often called after the German physicist who first formulated 
it. According to this principle the product of the uncertainty 
in the momentum, Ap, and the uncertainty in the coordi- 
nate, Az, is of the same order of magnitude as the Planck con- 
stant h, 

Ap Ar +h 


Dividing both sides by the particle mass m and taking into 
account that Ap = mAv, we obtain the Heisenberg relation 
for the uncertainties in the velocity Av and coordinate Az, 


Av Ax ~ him 


The Heisenberg relation reflects the nature of the micro- 
cosm and limits the simultaneous determination of the 
position and momentum of a particle. This indeterminacy is 
not due to the errors caused by the measuring instruments. 
Since exact momenta and coordinates of a particle do not 
exist simultaneously, it is not possible to speak strictly 
about the trajectory of the particle. Thus an exact orbit 
cannot be ascribed to an electron in an atom. Indeed, the 
indeterminacy in the electron coordinate in the atom is 
comparable to the size of the atom, i.e. Az ~ 10-' m. 
According to the Heisenberg uncertainty relation the inde- 
terminacy in the electron velocity 


h 1.05 x 10-34 
me bt ~ 9ALX 10 x 10-00 ~ 1.15 x 10® m/s 


The velocity of an electron in an atom v is approximately 
1.0 ~ 10° m/s and is of the same order as the uncertainty Av. 
Thus there is no sense in speaking about the orbit of an 
electron. Nevertheless most of the time atomic electrons move 
near the Bohr orbits. The Bohr theory was able to explain 
sume properties of the atom simply because the most pro- 
bable positions of the electrons in the atom were involved 
in the theory. 


Av & 
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The Heisenberg relationship is of no practical importance 
fur bodies with large masses. As an example suppose the 
indeterminacy in the courdinate of a flying tennis ball 
Ax =~ 10°!° m and its mass is m =: 0.06 kg. Then 


Av ~ 1.05 x 10-34/0.06 x 10728 == 1.75 ~ 10°°3 m/s 


With such uncertainties Az and Av, the coordinate and ve- 
locity can be determined with a high degree of accuracy 
simultaneously. 

The Heisenberg relation can be written for another pair of 
variables, energy and time. If the uncertainty in the energy 
of a system is AW over a time At, then: 


AWAt + h 


The time spent in measuring the energy (mass) of stable 
particles may be arbitrarily large. Thus for At >10~° s the 
energy uncertainty AW < 10-8 J = 6.25 x 10°“ MeV. 
Even for the lightest particle, the electron, AW is so small 
that it cannot affect the results of the energy (mass) mea- 
surements. 

For unstable particles the time for measurement of the 
rest energy is restricted by their lifetime t. Therefore for 
such particles the indeterminacy in the energy is not less 
than AW = h/t. Excited atoms may be regarded as unstable 
particles. On the average their lifetimes t ~ 10-° s. Hence 
the energy of the excited level of an atom is not defined 
exactly. The mean indeterminacy in its energy AW ~ 
~ 10-7 eV is called the level width and designated by I. 
Some atoms have excited levels with a width T< 1077 eV. 
The lifetimes t of such excited states, which are called 
metastable levels, are very large compared to 10-° s. When 
metastable atoms go over to the ground state, photons with 
a very small! energy (and hence wavelength) spread are emit- 
ted. his fact is exploited in metrology in defining the stan- 
dard length, the metre. In the SI system the metre is defined 
as being equal to ~1.65 x 10° A, where A is the wavelength 
of light emitted by krypton and equal to 6007 A. 

The energy-time Heisenberg relation underlies the theory 
of exchange forces in the microcosm. We shall consider the 
main features of this theory for the special case of interaction 
between two resting electric charges. 
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According to the classical laws a resting electric charge 
produces an electric field whose intensity varies continuous- 
ly in space. If another electric charge is introduced into the 
field a coulomb force will act on the first charge. The action 
of one charge on another is transmitted via the electric 
field. In quantum theory the description of the interaction 
between electric charges is quite different. The electric 
field is assumed to have a discrete structure and consists 
of photons. In order to create an electric field the charge 
must emit photons. The action of one charge on another 
thus involves exchange of photons. 

The question now arises as to where resting charges ac- 
quire the additional energy required for photon emission. 
According to the AW At +h indeterminancy relation the rest 
energy of the particle may differ from the mean value W, 
during a time interval At by AW. Consequently for a time 
less than At the charges may exchange photons with energies 
hv < AW. The average distance R at which photon exchange 
occurs cannot exceed cAt. With increase of the time At the 
energy of the emitted photons decreases. Because of this 
the interaction between charges is attenuated with increase 
of the distance between them. 

What is the difference between exchange photons and real 
photons? Exchange processes may be regarded as virtual 
(imaginary) processes occurring in the microcosm. Hence the 
exchanged photons are called virtual photons since they 
cannot be observed experimentally. Charges emit virtual 
photons on the condition that a deviation from the law of 
conservation of energy by a certain amount AW occurs, this 
being forbidden under real conditions, of course. Real pho- 
tons which can be detected with suitable instruments arise 
only if the law of conservation of energy is obeyed rigidly. 
For example in collisions between charges part o1 all of the 
kinetic energy of the charges may be expended in the emis- 
sion of real photons. 

In the theory of exchange forces the interaction of any 
two particles is envisaged as being due to the exchange of 
a third, virtual, particle. In other words each field is charac- 
terized by its own exchange particle. This hypothesis was 
first formulated by the Soviet physicist Tamm in 1934. 


CHAPTER 3 


THE ATOMIC NUCLEUS 


3.4 Properties of the Atomic Nucleus 


Composition of the nucleus. The nucleus is composed of Z 
protons and N neutrons. The neutron 7 is an electrically 
neutral particle. Its mass (m, == 1.008665 amu), as that of 
the proton, does not differ much from the amu. 

The number of protons and neutrons in the nucleus 
A=Z-+N. The number 4 is called the mass number since the 
mass of the atom and its nucleus is approximately equal to 
A amu. The mass of the beryllium atom (A = 9), for exam- 
ple, is 9.0122 amu and differs from 9 by about 1.4%. 

The nucleus and the physical properties of the atom can 
be studied only if the nucleus exists for a sufficiently long 
time. Among the many energy states of the nucleus there 
are a few which are long-lived, i.e. possess a relatively long 
lifetime (see Sec. 3.3). The ground and metastable energy 
states are states of this type. . 

An atom with a definite mass number, atomic number and 
with its nucleus in the ground or metastable energy state is 
labelled a nuclide. 

Nuclides with the nucleus in the ground state are denoted 
AX, and nuclides with the nucleus in the metastable state 
AmX, where X is the symbol of the element. The notations 
AX and 3X designate the composition of the nucleus 
(Z protons and A — Z neutrons), the energy state of the 
nucleus and number of electrons in the nuclide (Z). As an 
illustration, the carbon nuclide, 1/142 mass of which is 
chosen as the amu, and also the nucleus of this nuclide are 
denoted *2C (carbon six-twelve). The C nucleus contains 
six protons and six neutrons, it is in the ground state and 
six electrons revolve around the nucleus. Since each chemical 
element has a definite atomic number the latter is frequently 
omitted from the nuclide symbol. Thus one writes simply 13¢) 
(carbon 12) or “O (oxygen 16) ete. 
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As an exclusion the hydrogen nuclides are frequently 
designated by symbols which do not indicate the atomic and 
mass numbers. Thus hydrogen }H is usually denoted by H,* 
deuterium {H by D and the artificial nuclide tritium 3H 
by T. Hydrogen, deuterium, tritium and helium He nuclei 
are employed for bombarding other nuclei. The hydrogen 
nucleus is the proton, the deuterium nucleus is called the 
deuteron and the tritium nucleus the triton. The nucleus of 
helium {He is the alpha particle. These nuclei are denoted 
by p, d, t and @ respectively. 

The chemical properties of atoms are related to the num- 
ber of electrons in the electron shells. i.e. the atomic number, 
and do not depend on the mass number. As a consequence 
nuclides with the same atomic numbers but different mass 
numbers have the same chemical properties. They are called 
isotopes of the chemical element. Thus the nuclide '2C is the 
isotope of carbon, !2C. Natural chemical elements contain 
from one to almost a dozen isotopes. Carbon, for example, has 
two isotopes, oxygen three, tin ten and antimony only one. 

Isobars are nuclides with equal mass numbers but different 
atomic numbers. Examples are 8Ag and '08Cd, 7H and $He. 

Nuclides with identical atomic and mass numbers but 
with different long-lived energy states of the nucleus are 
called nuclear isomers. Thus Br and ®°Br are bromine 
nuclear isomers. 

Mass of the nucleus. One of the main characteristics of 
the 4X atomic nucleus is its mass denoted as M,(Z, A) or 
M,(4X). It is very difficult to measure directly the mass of 


a nucleus since all electrons should first be removed from the 
atom. A simplier way is to first measure the mass of the singly 
charged ion of the atom and on the basis of these measure- 
ments to calculate the mass of the atom and the nucleus. 
The mass of a nuclide M (Z, A) is approximately equal 
to the sum of the nuclear mass M, (Z, A) and the masses of 
the electrons Zm,. The approximation is due to the fact that 
the mass equivalent to the binding energy of the electrons in 
the nuclide is not taken into account. On synthesis of the 
nuclide from the nucleus and electrons an energy Wy equal 


* In chemistry the hydrogen isotope {H is frequently called pro- 
tium (from the Greek protoe which means first). 
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to the binding energy of the electrons in the nuclide is liber. 
ated. The nuclide mass is therefore smaller than the sum of 
the masses of the free nucleus and Z electrons by AM = 
= W/c*. Since AM is very small compared to m, it will be 
assumed in the following that 


M (Z, A) = M, (Z, A) + Zm, (3.1) 


The mass of a nuclide can be measured with a high degree 
of accuracy. Several means of measurement exist. In one case 
an instrument called the mass spectrometer is employed 
(Fig. 3.1). This consists of an ion source, vacuum chamber 
and ion detector. Nuclides ion- 
ized in the ion source are ac- 
celerated by an electric field. 
The kinetic energy of the ions 
entering the vacuum chamber 
through a slit is equal to the en- 
ergy imparted to the ions in the 
electric field 


M,(Z, A)v*/2=eU 


where M; is the ion mass and U 
the accelerating voltage. The ve- pig. 3.4 sketch of the mass- 
locity of the ions v_is inversely spectrometer 
proportional to )Y M4; and hence D—ton detector, U—accelerating 
for a given accelerating voltage 

U ions of heavier nuclides move 

with a lower speed than those of lighter nuclides. 
The vacuum chamber is arranged in the uniform mag- 
netic field in such a way that the magnetic induction vector 
B is perpendicular to the ion velocity v. As a result the ions 
in the vacuum chamber move in a circle of radius R. The 
centripetal forces acting on the ions are balanced by the 
Lorentz force 


M,v2/R =evB 
Excluding from the last two equations the velocity v we 


obtain 
M,= eB*R*/2U 


The charge detector in the vacuum chamber is located on 
a circle with a radius Aq. Ions with a mass M, therefore hit 


ae 
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the detector only if tho radius of their orbit is equal to Ry, 
R = Rg. Consequently, the ion current in the detector will 
grow only when the accelerating voltage is such that 


U = al2M, (Z, A) 


where a = eB'R3 is a constant. 

The mass spectrum of molybdenum is shown in Fig. 3.2. It 
is composed of seven peaks of the ion current. The height of 
each peak is proportional to the amount of each isotope in 
the element. 

Measuring instruments are characterized by their resolv- 
ing power. This is the difference AL between the two closest 
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Fig. 3.2 Mass spectrum of molybdenum 


values of a physical quantity Z which can be resolved (sepa- 
rated) by the instrument. The smaller the difference AZ the 
higher is the resolving power of the instrument. Very often 
the relative resolution AL/Z is used. In modern spectro- 
meters AM/M = 10-*-10-*. Such mass-spectrometers can 
be used to measure ion masses with an accuracy to within 
10-10%. 

Spin and magnetic moment of the nucleus. Protons and 
neutrons are fermions, their spin being A/2. The relative (or- 
bital) motion of particles in the nucleus, like electrons in 
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the atom, is characterized by integral orbital moments. The 
total angular momentum of the nucleus is the sum of the 
particle spins and the orbital angular momenta. It is usually 
referred to as the nuclear spin. 

Experiments show that the nuclear spin depends on the 
mass number A. Nuclei with an even A have whole number 
spins (0, h, 2h etc.) whereas the spins of nuclei with odd A 
are half-integral (4/2, 3h/2 etc.). The spin of nuclei with even 
values of Z and N is zero. 

Protons and neutrons are also characterized by their 
magnetic moments M. The spin and magnetic moment of the 
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Fig. 3.3 Models of the proton (a) and neutron (bd) 


proton are oriented in the same direction and those of the 
neutron—in opposite directions. The mutual orientation of 
these two quantities indicates the sign of the magnetic 
moment. It is positive for the proton and negative for the 
neutron. The presence of a magnetic moment in the neutron 
which does not have an electric charge, is due to the speci- 
ficity of the charge distribution within the neutron. 
Models of the proton and neutron are depicted in Fig. 3.3. 
The positive charge of the proton is distributed throughout 
the volume of the particle. A heavy core is located at the 
centre of the proton, about 10% of the charge being contained 
in the core. The remaining part of the charge is distributed 
in the middle region and outer shell. The core and middle 
part of the neutron are charged negatively and the outer 
shell, positively. The positive and negative charges are 
equal and the total charge is therefore zero in the neutron. 
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There is no sharp boundary between the different regions in 
tho proton and neutron and the charge density gradually 
varios in the bulk of the particles. 

Nuclear magnetic moments are measured in terms of 
nuclear magnetons p. This unit is 1/1836 of the Bohr 
magneton py. The orbital and proper magnetic moments of 
the electron are multiples of 5 but the nuclear magnetic 
momonts are not integral values of p. Even the magnetic 
moments of the proton and neutron are not integral values of 
the nuclear magneton. According to the measurements 
M, = 2.79p for the proton and M, = —1.913p for the 
neutron. 


3.2 Binding Energy of the Nucleus 


The synthesis of nuclei from protons and neutrons involves 
the release of energy. The mass equivalent to this energy 
AM is called the mass defect. It is the difference between the 
mass of the Z protons and A — Z neutrons and the mass of 
the nucleus 


AM (Z, A) = Zm, + (A — Z)m, — M, (Z, A) 


Usually it is the nuclide masses which are presented in the 
tables. It is therefore more convenient to employ in the 
calculations a formula in which the nuclear masses are re- 
placed by the nuclide masses in accordance with formula (3.1), 


AM = Zmy + (4 —Z)m,—M(Z, A) (3.2) 


where my is the mass of the H nuclide, and M (Z, A) is the 
mass of nuclide 4X. For all nuclei studied AM is found to 


be positive and this signifies that the synthesis of nuclei 
from protons and neutrons involves the release of energy, 
i.e. part of the rest energy is transformed into kinetic energy. 
This is somewhat similar to the synthesis of atoms from nu- 
clei and electrons and to exothermal chemical reactions. In 
the latter case only about 10-" of the rest energy of the mule- 
cule is released as a result of rearrangement of the outer 
electron shells. In the synthesis of a nucleus from protons 
and neutrons the amount of energy liberated may be 10- of 
the rest energy of the nucleus. Thus the particles in the nu- 
cleus are bound together by forces which exceed by millions 
of times the forces which bind atoms in molecules. 
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Knowing the mass defect it is easy to determine the 
binding energy of the nucleus, i.e. the energy required for 
disrupting the nucleus into its constituent particles, 

Wy = AMc? 

Recalling that 4 amu = 1.66 x 10-*7 kg, we find the 

energy corresponding to an atomic mass unit, 


Wy = 1.66 x 10-77 x (3 x 108)? = 1.492 x 10°" J = 


= 931 MeV 
If the mass defect is expressed in atomic mass units then 
Wy = 931AM MeV (3.3) 


Values of the nuclide masses and nuclear binding energies 
are presented in Table 3.4. The binding energy grows with 


Table 3.1 
Nuclide Masses and Binding Energies of Nuclei 


Ax Mass pamper Nuclide mass, amu Pepeleis Mev 
n 1 1.008665 _ 

H 1 1.007825 = 

D 2 2.014102 2.2246 
T 3 3.016049 8 .4822 
$He 3 3.016029 7.7184 
tHe 4 4 002603 28 .296 
SLi 6 6.015123 31 .995 
iLi 7 7.016004 39 .245 
*Be 9 9.012182 58 .167 
*B 9 9 .013300 56 .050 
10B 10 10 .012938 64 .752 
1B 14 11 .009305 76 .208 
12 12 12 .000000 92 .165 
13C 13 13 .003355 97 144 
“uN 14 14 .003074 104 .662 
IBN 15 15 .000109 115 .494 
160 16 15 .994915 127 .624 
110 17 16 .999133 131 .766 
140 18 17 .999160 139 .813 
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increase of the number of particles in the nucleus and js 
insensitive to the nature of the particles. Thus addition 
of a neutron to the deuteron d results in the formation of 
triton ¢ whereas the addition of a proton yields the helium 
nucleus ;He. In the first case the increase in the binding 
energy is 6.259 MeV and in the second 5.500 MeV. The dif- 
ference in the binding energy increments (0.759 MeV) can be 
ascribed to weakening of the binding in the 7He nucleus as 
a result of coulomb repulsion between the protons. 
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Fig. 3.4 Dependence of mean binding energy per nucleon e on mass 
number A 


The increase of the binding energy with growth of the 
mass has some characteristic features. They can be appre- 
ciated if one considers the dependence of the mean binding 
energy e = W,/A per nuclear particle (nucleon) on the 
mass number (Fig. 3.4); e first increases and reaches a maxi- 
mum value of 8.7 MeV at A~ 60. Further increase of num- 
ber of nucleons results in a gradual weakening of the particle 
binding. In the heavy nucleus region (A > 200) « drops to 
7.5 MeV. 

Most values of the mean energy « lie on a smooth curve. 
Exceptions are nuclei with 2, 8, 14, 20, 50 or 82 protons or 
2, 8, 14, 20, 50, 82 or 126 neutrons. These numbers of protons 
and neutrons and the nuclei which contain them are called 
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magic numbers or nuclei respectively. Protons and neutrons 
in the magic nuclei are more tightly bound. Because of this 
the values of e for the magic nuclei are greater than those of 
nuclei with close values of the mass number. 

The lightest magic nuclei are >He and ‘$0. Enhanced val- 
ues of e are also observed in light nuclei containing equal 
numbers of protons and neutrons (e.g. 12C) although these are 
not magic nuclei. For all nuclei with A > 20 the mean ener- 
gy © only weakly varies and on the average is about 8 MeV. 
The binding energy of the nucleus in this region is therefore 
an almost linear function of the mass number A : Wp = 
= 8A MeV. 

Another important conclusion can be drawn on the basis 
of the dependence of ¢ = W,/A on A. If a heavy nucleus 
(A ~ 240) is divided into two intermediate nuclei (A ~ 120) 
or if a single nucleus is synthesized from two light nuclei, 
the resulting nuclei in both cases will be more stable than 
the initial ones. This means that such processes (fission or 
synthesis) must involve the liberation of energy. The energy 
released in nuclear processes (nuclear fission or synthesis, 
radioactive decay etc.) is called atomic (or nuclear) energy. 

The binding energy of a single proton e, or neutron e, 
is not equal to the mean energy ¢. The removal of a neutron 
from the Be nucleus, for example, requires an energy ¢, = 
= 1.665 MeV whereas ¢ = 6.5 MeV. 

The binding energy of a particle a in a nucleus, e, can be 
determined in the same way as the binding energy of the 
nucleus is evaluated. If the 4X nucleus is regarded as a 


bound system consisting of the 4:Y nucleus and a particle a 
then 


eg = 934 [M (Z,, Ay) + m, — M (Z, A) + (Z — Z,)m, | 


where m, is the mass of particle a, M(Z, A), M(Z,, A,) are 
the masses of nuclides with mass numbers A and A, and 
atomic numbers Z and Z, respectively. 

Fusion of particle a with the nucleus results in the release 
of an amount of energy which is equal to the binding energy 
of the particle in the compound nucleus. Thus addition of 
a neutron to the {Be nucleus leads to the formation of the 
\Be nucleus and release of an energy of 1.665 MeV, 
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3.3 Energy Levels of Nuclel 


The rest energy of a nucleus W can havo only discrete val- 
ucs Wo, W,, Wa, Ws,..., Wa, .... These nuclear energy levels 
can be divided into the ground and excited levels. A nucleus 
is in the ground state (ground level) if no external forces 
act on it. The energy of a nu- 
cleus in the ground state W, 
is minimum. 

A nucleus interacting with 
a particle may acquire a dis- 
crete portion of energy and goes 
over to an excited state involv- 
ing one of the excited levels 
W; (i = 4, 2; S95 n). The 
excited state of a nucleus is 
unstable. After a period of 
time called the lifetime (t ~ 
cw 10-14-10-18 s) the excited 
nucleus returns to the ground 
state. 

The mode of transition to 
the ground state dependson the 
excitation energy W,.,;. This 
is the difference between the 
energies of the nucleus in the 

(2) excited and ground states. If 

Fig. 3.5 Energy level diagram the excitation energy Wex ex- 

for a light (a) and heavy (b) ceeds the binding energy for 

nucleus some particle a (neutron, pro- 

ton, a-particle etc.) the excited 

nucleus may emit gamma-quanta (y-quanta), i.e. photons of 

nuclear origin, or particle a. Only y-quanta are emitted if 

the excitation energy is lower than the binding energy of 
particle a. 

Energy levels of a nucleus may be depicted diagrammatical- 
ly (Fig. 3.5). This energy level scheme is similar to that for 
the energy levels in atoms (see Sec. 1.6). Since the energy of 
a nucleus W>> W.,, it is convenient to choose the ground 
state energy as the reference point. In this case the energy 
level is identical to the excitation energy of the nucleus. 


Ws 
W, 


W=0 
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The level energies W,, W,, W,,..., W,,. . . arerepresented 
at the left of the horizontal lines in the diagram. The vertical 
arrows pointing downward indicate the transitions be- 
tween energy levels taking place with the emission of y- 
quanta. The energy of a y-quantum corresponds to the 
difference of the energies of the levels located at the begin- 
ning and end of the arrow on the diagram. 

The energy of an excited nucleus in the ith excited state, 
W, is located in a narrow energy interval near the most 
probable value of the energy of the level W;. The probability 
density f (W) for a nucleus excited to the ith level having 
an energy W is a function with a sharp peak (Fig. 3.5). With 
increase of the energy W the function f (W) first sharply rises, 
reaches a maximum f (W;) and then sharply drops. The level 
width [ is taken to be the width of the peak at a height 
(1/2) f (Wi). 

With increase of the excitation energy and mass number 
the distance between neighbouring energy levels D decreases. 
In light nuclei (A < 50) and for excitation energies W.. = 
= 1-3 MeV one finds D ~1 MeV; for W,, ~ 8 MeV, 
D = 10 keV. In heavy nuclei (A > 200) D is approximate- 
ly 0.4 MeV and 10 eV respectively. For excitation energies 
W.x >> 8 MeV the distance D is smaller than the width of 
the energy level I’. Thus at high excitation energies the 
energy levels overlap. 

The y-radiation spectrum of excited nuclei (y-spectrum) 
consists of lines for energies W., < 20 MeV. If the nucleus 
goes over to the ground state directly from the excited level 
it emits a single y-quantum with an energy E, = W,,. 
However, successive transition via part or all intermediate 
excited levels is also possible (see Fig. 3.5). In this case 
a whole series of y-quanta is emitted, the total energy of the 
quanta being Wx. For excitation energies W,, >> 20 MeV 

y-spectrum is continuous. 

A study of y-spectra is one of the ways investigating 
the energy levels of nuclei. After measuring the y-spectra 
part os analyzed and the nuclear energy levels are deter- 
mined. 

The energy level width [ can be measured with a high 

of accuracy. Widths [ > 5 x 10-*eV have been 
determined. Lifetimes of excited nuclei + a 10-40-18 « 
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cannot be measured with existing instruments. However if 
the level width I is known the lifetime can be estimated on 
the basis of the Heisenberg relationship t ~ A/T. 

For most excited levels the width T = 0.01-O0.feV and 
the lifetime t = 10-*-10-13 s. However, long-lived excited 
nuclei exist for which the width of one or several of the 
excited levels [T < 10-!° eV. The lifetimes of such excited 
states, which are called metastable states, may vary between 
a fraction of a second and dozens of days. When t is suffi- 
ciently long the properties of the metastable nuclei may 
be investigated experimentally. Over 200 nuclei with one or 
two metastable levels are known at present. As an example, 
the '*Sb nucleus has two metastable levels with lifetimes 1.9 
and 30.3 minutes. 


3.4 Nuclear Forces. Stability of the Nucleus 


The nuclei of most natural elements are very stable 
systems. The neutrons and protons are confined in the 
nucleus by powerful nuclear attractive forces which surpass 
the repulsive coulomb forces between the protons. Let us 
now consider some of the properties of nuclear forces. 

The interaction between two protons (p-p), two neutrons 
(n-n) or between a proton and neutron (p-n) is the same, 
i.e. the nuclear forces do not depend on the electric charge. 
This is the essence of charge independence of nuclear forces. 
A corollary is that the nature of nuclear forces is different 
from that of electric forces. A single nuclear charge is ascribed 
to the proton and neutron and they are considered as 
being nuclear particles of essentially the same type, viz., 
nucleons. The stability of the deuteron, which consists of a 
proton and neutron, is explained by the charge independence 
of the nucleons. 

Nuclear forces are saturating forces (each nucleon can 
interact with only a few neighbouring nucleons). This follows 
from an analysis of the binding energy of nuclei. Suppuse 
that each nucleon interacts with all A — 1 nucleons. Then 
the total number of interactions will be A (A — 1) and 
the binding energy of the nucleus should be proportional 
to A (A — 1) = A*. However, it was mentioned in the 
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previous section that the binding energy is proportional 
to the mass number A. 

In light nuclei with mass numbers A < 12 the strongest 
binding is in the a-particle. The two protons and two neu- 
trons in this nucleus form a saturated system. If a nucleon 
is added to the a-particle the product will be an unstable 
nucleus. 

Nuclear forces are short-range forces. Their range of 
action is of the order of a fermi (the fermi is a unit of length 
equal to 10-15 m and named after the Italian physicist 
Enrico Fermi). 

We shall now consider briefly the dependence of the 
interaction between a proton or neutron and the nucleus on 
the distance between the particle and the nucleus. If the 
distance between the proton and nucleus exceeds 1 fermi 
the coulomb repulsion will be predominant. The coulomb 
force, it may be noted, is a nonsaturated, long-range force. 
The potential energy of coulomb interaction between the 
nucleus and proton 


V (r) = Ze*/4negr 


where e, = 8.85 xX 10-™ F/m is the electric constant and r 
is the distance. 

The constant by = 1/4ne, = 9 X 10° m/F is numerically 
equal to the potential energy of interaction between two 
particles with charges of 1-C in vacuum and separation 
r= 41m. As the proton approaches the nucleus repulsion 
increases (Fig. 3.6). If there were no attractive nuclear 
forces the interaction energy would continue to increase 
with decreasing distance r (ascending line in Fig. 3.6). 
However, as soon as the proton enters the region where the 
nuclear forces are effective (r ~ R, where R is the radius of 
the nucleus) repulsion is rapidly replaced by attraction 
and the potential energy becomes negative. The graph 
V (r) can be divided into two parts: a potential barrier 
(r > R) with a height V, and a potential well (r < R) 
with a depth V,. The height of the potential barrier V, 
is equal to the maximum potential energy of the proton 
at the boundary of the nucleus. An expression for J’, in 
mega-electronvolts can be derived as follows. For any par- 
ticle with a charge Z,e the height of the barrier of a nucleus 
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with a charge Ze is 
Vu = b9Z,Ze/R 
Taking R = 1.4 > 107% A m (see formula (3.4)) and 
substituting 
by X 


eo | » 1.68 x 10-38 
Texto = 9X 10° Spar = 


= 1.64 x 1073 Ja 1 MeV 
we obtain 


AWA 
Va= is MeV 


Interaction between the neutron and nucleus begins at a 
distance close to the nuclear radius R. The potential energy 


(a) (b) 


Fig. 3.6 Dependence of the potential energy of a neutron (a) and pro- 
ton (b) on distance from the nucleus 


of interaction between the neutron and nucleus is character- 
ized exclusively by the depth of the potential well V,. 

Nucleons in the nucleus are in motion but are confined 
by powerful attractive forces. The kinetic energies of the 
nucleons are less (in absolute value) than the depth of the 
potential well by a quantity equal to its binding energy e,. 

The nuclear field has its exchange particles—the unstable 
m-mesons (pi-mesons) also called pions. The existence of 
pions was predicted in 1936 by the Japanese physicist 
Hideki Yukawa. The particles were discovered in 1947. 

Pions are divided into three types differing with respect 
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to charge, mass and lifetime. The positive and negative 
pions (x*-mesons) have a rest mass mz+ = 273.2m,, charges 

=: +e and lifetime t = 2.5 x 10-° s. The rest mass of 
the neutral pion (x°-meson) mye = 264.2m, and the lifetime 
t= 1.9 x 10-14% s. The spin of all three pions is zero. 

Exchange interactions between two nucleons occur in 
time periods of approximately 4 x 10-* s. For such short 
periods the uncertainty in the nucleon energy exceeds the 
rest mass of the pions by several times. The range of the 
nuclear forces is equal to the maximum distance which 
a virtual pion covers in 4 x 10-** s moving with a speed 
close to that of light: R ~ 4 x 10-% x 3 x 108 = 1.2 x 
x 10-25 m. 

Two protons, two neutrons or a proton and neutron can 
exchange neutral pions. In this case the nucleons do not 
change. The interaction between a neutron and proton can 
also occur by negative pion exchange. The neutron which 
emits the negative pion becomes a proton and the proton 
which absorbs the negative pion turns into a neutron, its 
positive charge being neutralized by the negative pion 
charge. Finally proton-neutron interaction may occur via 
positive pion emission by the proton. 

The stability of nuclei is intimately connected with the 
nature of nuclear forces. There are about 300 stable nuclei 
in nature, each of which contains certain amounts of protons 
and neutrons. The neutron-proton diagram in Fig. 3.7 
illustrates the dependence of the number of neutrons N on 
number of protons Z in nuclei. The black points in the 
diagram denote stable nuclei. They occupy a relatively 
narrow band called the stable nucleus region. 

Light stable nuclei lie near the line N = Z. With increase 
of Z the weakening of the nuclear forces due to coulomb 
repulsion between protons begins to manifest itself. In 
order to compensate this weakening the nucleus must con- 
tain a larger amount of neutrons. Consequently after Z = 
= 20 the ratio N/Z in the stable nucleus region begins to 
deviate from a straight line and for the last stable nucleus 
133i it is 1.52. This is the upper limit for stable nuclei. 
In nuclei with Z > 83 the nucleon interaction cannot 
completely compensate the coulomb repulsion and the 
nuclei are radioactive. 


Atomic and Nuclear Phyetcs 


32 40 48 56 &4 


24 


Fig. 3.7 Neutron-proton diagram of nuclei 


N—number of neutrons; Z—number of protons in the nucleus 


3.5 Models ef the Nucleus 


Vo develap a theory af the nucleus one mut know in 
dotatl the proportion of the nuclear forces, However, the 
nature af thea force haa not boon elucidated sufficiently, 
Vheretore abmplily day aiimptiond ace made in attempbs to 
built anedela ot aueloar processed, Tho usefulness of any 
partioular model is judged by comparing the theoretical 
and experimental comulias HE agreamont betwoon tho theory 
and expordmenta is observed the nuclear model may be 
coustdoved as cortootly diparting the main features of 
the steueture of the nuclous, At prosont several nuclear 
models are dn usage. None of thems ia anivoersal fn the sense 
hat all experimental facts can be understood on the basis 
uf a adngle model. Mach of the models is suitable in’ the 
study oof a resteiotod number of nuclear processes, Of the 
numerous models proposed wo shall describe here only two— 
the quid drop and sholl models of the nucleus, 

Liquid-drop model of the nuclous. ‘Thore is a certain 
similarity in the proportion of the nuclous and those of a 
liquid drop, and it is on this basis that the liquid-drop 
model of the nuclous has boon developed. A drop of liquid 
is usually spherical, Shorl-rango intormolecular forces are 
oporative, io. each moloculo interacts only with its immedi- 
ate neighbours. Tho moleculos aro in random motion and 
experionco frequent collisions with cach other. The surface 
molecules are abtractod to tho inner molecules in a unilateral 
fashion and tho result is the presence of surface tension. 
Tho density of a drop does not depend on its size, The nucleus 
possesses similar proporties, Lio molecules and intermolecular 
forces boing replacod by nucloons and nuclear forces. Thus 
according to the drop model the nucleus may be envisaged 
asa drop of liquid. According to the liquid-drop model 
the nucloons are in rapid random motion and undergo fre- 
quent collisions. Kach collision involves violent interaction 
between tho nucleons and an exchange of onergy and momen- 
tum betwoen them. The nucloar drop is provented from 
flowing by the forces of surface tonsion. 

If a certain amount of energy is imparted to the nucleus 
it goes over to tho excited state. Duo to the frequent culli- 
sions between nucleons this energy may bo redistributed 


y-O1R44 


EH Atomic and Nuclear Physics re 
rapidly among the nucleons. Some of this energy way be 
transferred to a surface particle (nucleon, a-particle). If the 
energy of the particle is greater than its binding energy in 
the nucleus, the particle may overcome the surface tension 
(nuclear forces) and leave the nucleus. According to this 
model the expulsion of a particle from the nucleus is analo- 
gous to the evaporation of a molecule from a liquid drop. 
Evaporation of a surface molecule can take place only if 
the molecule receives enough energy from the other molecules 
to permit it to surmount the surface tension barrier. [lowev- 
er, in contrast to a liquid drop, the excited nucleus may 
go over to the ground state by emitting one or several 
y-quanta. 

The liquid-drop model can be applied, for example, to 
explain fission of heavy nuclei (see Sec. 10.10). It can also 
be used to calculate the nuclear radius. 

The nucleus-drop may be regarded as being filled witl. 
nucleons as a liquid drop is filled with molecules. Hence the 
volume of the nucleus V should be proportional to the mass 
number A and the radius of the nucleus R == 2A. The 
proportionality factor « can be found by various experiment- 
al methods. We shall consider one of them. 

The radius of the orbit of a charged particle revolving 
‘about the nucleus is inversely proportional to its mass. 
Hence if some heavy negative particle is in the K-shell, 
the radius of the orbit should be approximately the same 
as the radius of the nucleus. The most suitable particles 
for such experiments are negative muons which are particles 
with a mass of 207 electron masses, a spin A/2; being fer- 
mions they obey the Pauli principle. The negative muon 
is an unstable particle with a lifetime 2.2 x 10-® s. Its 
charge is the same as that of the electron and it interacts 
with the nucleus as electrons do. However the atomic energy 
states of the negative muon and the electron are different. 
As a result all possible quantum states are available and 
the muon may occupy any of them. 

A fast negative muon interacting with matter is slowed 
down and may be captured by an atom and begin to move in 
some outer shell. Since all quantum states are free, the 
muon will move in the A-shell which is closest to the nu- 
cleus. An atom with a muon in one of its shells is called a 
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mesic atom. This is an unstable system and cxists only 
a millionth part of a second. Nevertheless transitions of 
muons in a mesic atom can be detected on the basis of the 
X-ray photons which are emitted in such transitions. By 
measuring the X-ray emission spectrum of a mesic atom 
one can determine the binding energy of the muon in the 
K-shell, e,. Then from the equation for the binding energy 
€, = boZe*/2r, the radius r, is determined. Assuming r, 
to be equal to the nuclear radius R, one can find the coeffi- 
cient « from the equation R = aA, 

The value of « measured by various methods varies be- 
tween 1.2 and 1.5 fermi. For the sake of definiteness we 
will assume that « =1.4 fermi and hence 


R = 1.4A"3 fermi (3.4) 


We can now calculate the density of the nuclear fluid. 
The volume of the nucleus 


V = (4/3) nR® = (4/3) na8A 


The mass of the nucleus M, (Z, A) ~ Am,, where A is the 
mass number and m, is the nucleon mass which is assumed 
to be approximately one amu. The density of the nuclear 
fluid, which is the ratio of the mass to volume of the nucleus, 


Myn(Z, A) Amn _ 1.66 x 10-97 
=p (4/3) na8A — ~ (4/3) nas kg/m 


The density of the nuclear fluid, as that of a liquid drop, 
is independent of the nuclear size, and is identical for all 
nuclei. On substituting ao = 1.4 x 10-'© m, we obtain 


3 x 1.66 x 10727 
0= asa aa actos © 1-45 x 10!7 kg/ms 

Shell model of the nucleus. The stability of the magic 
nuclei is found to be particularly high. It is found to repeat 
periodically for proton magic numbers 2, 8, 14, 20, 50 and 
2 and neutron magic numbers of 2, 8, 14, 20, 50, 82 and 
126. If the chemical properties of elements are compared 
with the nuclear properties the following may be noted. 
The chemical properties vary periodically with variation 
of the atomic number Z whereas the magic properties of 
nuclei repeat on variation of the mass number A. 


§e 
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Precisely this periodicity in the properties of nuclei was 
the basis of the shell model of the nucleus. According to the 
model, nucleons in the nucleus are arranged in shells, each 
shell containing, in accordance with the Pauli principle, 
only a restricted number of nucleons. With increase of the 
number of nucleons the first shell is filled, then the next 
nucleon shell etc. 

The magic properties are observed when the outer nucleon 
shell is completely filled. The first shell is filled in {He which 
consists of two protons and two neutrons; the next shell is 
filled in ‘$0 etc. The enhanced stability of magic nuclei 
resembles ‘the chemical inertness of helium, neon etc. in 
which the outer electron shell is filled. 

According to the shell model of the nucleus each nucleon 
moves in the field of the other nucleons just as an atomic 
electron moves in the electric field of the nucleus and other 
electrons. On excitation of the nucleus a nucleon or several 
nucleons move into excited levels. Transition to the ground 
state is accompanied by the emission of y-quanta. 
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CHAPTER 4 


RADIOACTIVITY 


4.1 General Properties of Radioactivity 


In 1896 tho French physicist Henri Becquerel discovered 
radioactivity of uranium. This phenomenon, as everything 
elso new in scienco, attracted the attention of many scien- 
tista. The outstanding physicists Pierro and Marie Curie, 
Ernest Rutherford and others began to study radioactivity. 

Radioactivity is the property of certain nuclei (radio- 
active nuclei, nuclides) to emit spontaneously particles 
(«-particles, electrons, y-quanta etc.) or X-rays accompanied 
by the capture of an orbital electron by the nucleus, or to 
divide into two lighter nuclei. This spontaneous transmuta- 
tion of radioactive nuclei is called radioactive decay. After 
radioactive decay of a nucleus occurs a nuclide is formed 
which differs from the initial one with respect to its physical 
and chemical properties. Radioactivity is completely deter- 
mined by the internal structure of the nucleus and is inde- 
pendent of the external conditions (pressure, temperature, 
state of aggregation etc.). All attempts to alter the course 
of radioactive decay by varying the external conditions 
have met with failure: the laws of radioactive decay re- 
mained intact. 

The nuclei of radioactive elements contain an excess 
either of neutrons or of protons compared with the number 
in the stable nuclei of the same element. Nuclei arranged 
above the stable nucleus region (see Fig. 3.7) are supersatu- 
rated with neutrons whereas nuclei below the stable nuclei 
region possess an excess of protons. This means that in the 
former type of nuclei there are more (n-n) interactions than 
are required for stability of the nucleus whereas in the 
latter type there is an excess of (p-p) interactions. By alter- 
ing spontaneously their composition, the nuclei are trans- 
formed ultimately into stable nuclei (see Fig. 3.7). 
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Radioactive decay can be divided into a-decay, B-decay, 
spontaneous fission of nuclei and y-decay. In a-decay the 
radioactive nuclei emit a-particles. The a-particle has 
a charge of 4-2e and a mass mz = 4.0026 amu. In B-decay 
f--particles (electrons) or B+-particles (positrons) are ex- 
pelled or an orbital electron is captured by the nucleus (elec- 
tron capture). The electrons and positrons emitted by radio- 
active nuclei are called B-particles. They are not constituents 
of the nucleus but arise during the B-decay. 

Spontaneous fission of nuclei is observed in heavy nuclei 
with mass numbers A ~ 240 (uranium, neptunium, pluto- 
nium etc.). The nuclei of such elements break up sponta- 
neously into two lighter nuclei called fission fragments 
whose mass numbers range between 70 and 170. Besides 
fragments, from 2 to 3 neutrons on the average may be 
produced. 

y-Decay consists in the emission of y-quanta by metastable 
nuclei. The latter are distinguished by the long lifetime of 
their excited states. Metastable nuclei arise in certain a- or 
B-decaying nuclei or when nuclei interact with particles. 
In y-decay the nucleus goes over from one energy state to 
another and the composition of the nucleus remains un- 
changed. 

A radioactive nucleus may change into other nuclei by 
several pathways (types of radioactive decay). Thus in 
heavy elements undergoing spontaneous fission of the nu- 
cleus, a-decay may alternatively take place. Such nuclei are 
thus transformed into those of other elements by two path- 
ways, by spontaneous fission and by a-decay. 

Radioactive nuclei are usually divided into natural and 
artificial ones. The natural radioactive nuclei are found in 
nature and comprise only a small fraction of the total num- 
ber of known radioactive nuclei. 

Most radioactive nuclei are obtained by artificially alter- 
ing the composition of stable nuclei. They are therefore 
called artificial radioactive nuclei. The only difference 
hetween natural and artificial radioactive nuclei is their 
origin. Their radioactive decay is governed by the same 
laws. 

Jiow are artificial radioactive nuclei obtained? It can be 
seen from the neutron-proton diagram (see Fig. 3.7) that the 
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region of stable nuclel is located botwoon regions io which 
the unstable nuclei have either an exces of neutrous (upper 
region) or an excess of protons (lower region). Tf one or 
several noutrons are added to a stable nuclous the product 
nucleus will be shifted from the stable region upward and 
will be radioactive. If the charge of the nuclous ix increased 
the product nucleus will be in the lower unstable region, 
Nuclei with a neutron excess expel fr-particles and thone 
with a proton excess, fi*t-particlos. 

Artificial radioactive nuclei can be produced in nuclear 
reactions. A nuclear transformation, i.o. a change in com- 
position of the initial nucleus, occurs in a nuclear reaction. 

Artificial radioactivity was discovered by [rene and 
Frederic Joliot-Curie in 1934. By irradiating aluminium 
with a-particles they observed the nuclear reaction 


7Alt+a—> ™Ptn 


The notation of a nuclear reaction is similar to that of 
a chemical reaction. Thus the nucleus and particle which 
interact are written at the left and the reaction products 
are written at the right. In the particular reaction cited 
the artificial Bt-active 3P nucleus is produced. Since 19:34 
over a thousand different radioactive nuclei have been ob- 
tained artificially. 

An experimental study of radioactive decay revealed 
that the rate of disintegration obeys a certain law. Each 
radioactive element is characterized by its half-life period 
T,/.. The half-life is the time required for half of the radio- 
active nuclei to decay. Depending on the radioactive species 
the half-lives range from a small fraction of a second to 
many billions of years. 

Radioactive decay can be described by an equation of 
the form 


xX = mY +a 


or in abbreviated form 


gN + BY 
Where 7X is the parent radioactive nucleus and 41) is the 
product (daughter) nucleus produced in the decay of the 


72 Atomic and Nuclear Physics 


ae 


parent nucleus; a denotes the particle emitted (a-particl. 
B-particle, y-quantum). 

Below are presented some examples of radioactive disin. 
tegrations: 


aeth+a 
se 


x + BY + wn (Ay + Ag+ vy = 238; 2,4 22 = 92) 
| Mn — Fe + B+, 
1C >» 'B+6t+y, 
58mCo — 38Co + 


27 


where v; is the number of neutrons emitted, v denotes the 


neutrino, v denotes the antineutrino. The half-lives for 
spontaneous fission of *U nuclei into 41X and 42Y fragments 


or for a-decay are respectively 8 X 10! and 4.5 < 10° years. 
Spontaneous fission of the *3U nucleus is thus less probable 
than its a-decay: only one fission occurs per 2 x 10° a-de- 
cays. 

In the B-decay of the $?Mn and ‘{C nuclei emission of 
a charged particle (electron or positron) is accompanied by 
the expulsion of an electrically neutral particle (neutrino v 


or antineutrino v, see Sec. 4.5). 

If the product nucleus is produced in the excited state 
it emits y-quanta after radioactive decay. As an example. 
the fraction of excited nuclei produced in the radioactive 


transformation 75U % 7!Th is 90%. 

The law of conservation of energy is obeyed in radioactive 
decay. Accordingly the energy of the parent nucleus is equal 
to the energy of the decay products. For a parent nucleus 
at rest the Jaw of conservation of energy may be expressed 
as follows, 


M,,(Z, A) c? = 1M, (Z,, 4,) + mle? + Wa 


The quantity Wy is the total decay energy. Ut is that: pact 
of the rest energy of the parent nucleus which is transformed 
into the kinetic energy of tho product nucleus, of particle « 
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and of the y-quanta: W, = ZE, + E, + E,. In many cases 
it is presented in the right hand side of the disintegration 
equation. The sum of the kinetic energies of the daughter 
nucleus and particle a, Ey = E, + E, is called the decay 
energy. It is liberated at the instant of decay of the parent 
nucleus and is equal to W, if the product nucleus is produced 
in the ground state. It may be mentioned that for a cer- 
tain type of radioactive decay E4 may assume one or several 
values. 

If masses are expressed in amu and energy in mega- 
electronvolts, we may write 


Wa = 931 [M, (Z, A) — M, (4, Ar) — ma] 


Replacing the nuclear masses by the nuclide masses in 
accordance with formula (3.1), the latter equation can be 
transformed into the equation 


Wa=931 (M (Z, A)—M (Z,, A,)—m,—(Z—Z,) me) — (4-1) 


The decay energy W, cannot be negative. From this fact 
and from equation (4.1) one obtains the energy condition 
for radioactivity of nuclei, 


M {Z, A) — M (Z,, A,) —m, — (4—2,)me>0 (4.2) 


Besides the law of conservation of energy, other laws 
which are obeyed in radioactive decay are those of conserva- 
tion of momentum, electric charge and number of nucleons. 
The law of conservation of momentum can be written as 
a vector equation, 


M, (Z, A) v = My (Z,, Ay) v; + mgv, 


where v and v, are the velocities of the parent and product 
nuclei and vz is the velocity of the particle a. 

Under ordinary conditions the parent nucleus may be 
considered to be at rest and hence v = 0. In this case the 
product nucleus and particle a fly apart in opposite direc- 
tions and their velocities are inversely proportional to their 
masses, 

vo/v, = M,, (Z,, A,)/m, 


let us find the kinetic energy of an a-particle, E,, and 
of the product nucleus, E,, after a-decay. Squaring both 
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sides of the last equation and taking into account that 
M, (Z,, 41) © A, amu, mz = 4 amu, A= A,+4,%,<¢ 
<c, E, + E, = Eq, we find 


E, = (A,/A)Eq; En = (4/A) Ea 


For a-active nuclei the mass number A > 210 and hence 
approximately 98% of the decay energy Eq is imparted to 
the a-particle. 

In f-decay the product nucleus and f-particle move in 
opposite directions only if the neutrino energy Ey = 0. 
The fraction of decay energy which is transferred to the 
product nucleus when £, = 0 can be estimated as follows. 
Since the mass of the daughter nucleus MM, (Z,, A;) ~ 
~~ A, amu = 1836A,m,, we find that even in the extreme 
case when A, is minimal, viz., when A, = 1 (neutron), 
the ratio 


melM,, (Z,, Ay) = 118364, << 5.5 x 10+ 


Thus in f-decay less than 0.06% of the decay energy is 
imparted to the product nucleus. Even less energy is trans- 
mitted to the product nucleus in y-decay. 

The amount of energy released in spontaneous nuclear 
fission Eq ~ 169 MeV. It is divided between the two fission 
fragments inversely proportional to their mass numbers. 


E,/E, = A,/A,, Ey + Ey, a Ea 


As an example, if the mass numbers are A, = 95 and A, = 
-- 139, then E, = 100 MeV and E, = 69 MeV. 

The laws of conservation of number of nucleons and elec- 
tric charge can be illustrated by the following case of 2-dis- 
integration, 

YU + *Th+a+4.2 MeV 


The number of nucleons at the left is 238 and is equal tv 
the number of nucleons at the right, 234 + 4 = 238. At the 
left the charge is 92e and at the right, 90e + 2e = Ne. 

During «- and P-disintegration the charge of the nucleu- 
and hence the chemical properties of the elements changv. 
The displacement law can be established on the basis of 
the change of the nuclear charge. In a-decay the atomic 
number of an atom decreases by two units and therefore 
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the product atom is shifted to the left by two places in the 
periodic table. In B*-decay the Z of the product atom de- 
creases by one and the atom is shifted one place to the left. 
In B--decay Z increases by one and the atom is displaced one 
place to the right. 

It is convenient to depict radioactive disintegration 
diagrammatically. Diagrams of a-decay of *3U and of p-- 
decay of “Co are presented in Fig. 4.1. The energies are 


Cid 
ea #700 


4.559 Mey 713-10years 2.610NeY = S.27years 


2.504 Mev 
G2 
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Fig. 4.4 Diagram of a-decay of 738U and f--decay of %Co 


referred to the total rest energy of the product nucleus and 
charged particle a in the ground states. With the reference 
point chosen in this way, only the change in the rest energy 
during radioactive disintegration, Wg, is taken into account. 
The energy levels of the parent and product nuclei are 
denoted by the horizontal lines. The half-lives and energy 
levels in mega-electronvolts referred to the zero energy as 
chosen above are indicated near each line. Radioactive 
disintegrations (a, B*) in which the nuclear charge decreases 
are depicted by arrows pointing downward and to the left: 
B--decay is depicted by arrows pointing downward and 
to the right and y-transitions by vertical arrows pointing 
downward. ‘The type of decay is indicated along each arrow 
as is the fraction of decays corresponding to each arrow. 
The decay energy Eg is the difference between energies of 
the lovels at the beginning and end of the arrows. 
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As an example, six of every hundred %3U nuclei are 
transmuted into *4Th nuclei with an excitation energy of 
0.389 keV. An energy Ey = 4.17 MeV is released in the 
a-decay. The excited product nucleus may then emit a 
0.389 keV y-quantum and go over to the ground state. 


4.2 Radioactive Series 


Radioactive disintegration does not always terminate 
with the formation of a stable nucleus. In many cases a 


4.510 years 


92U 


gPa 


206 210 214 218 222 225 2350 234 A 


Fig. 4.2 Uranium radioactive series 
a-decay {8 denoted hy slanting arrows and fi--decay by vertical arrows 


chain of radioactive decays is observed in which the nucler 
are related to each other. ‘These radioactive chains are 
called radioactive series, 


Radioactivity 17 


Three natural radioactive substances exist which have 
half-lives comparable to the lifetime of the earth, which is 
approximately 4.5 x 10° years. These are %U (T12 = 
= 4.5 x 10° years), U (Ty. = 7.13 X 10° years) and 
Th (Ti, = 1.4 X 10 years). These elements are all 
located at the end of the periodic table and belong to the 
actinide group of elements. The three substances are the 
parents of the three natural radioactive series, the uranium 
(38U), actinium (5U) and thorium (*5;Th) series. 

The uranium radioactive series and the half-lives of the 
respective radioactive substances are shown in Fig. 4.2. 
The end product of the uranium series is the stable *}3Pb 
nucleus. The end products of the actinium and thorium 
series are the stable *"Pb and *8Pb nuclei respectively. 

In any of the series the mass number A changes only as a 
result of a-decay in which case A is reduced by four units. 
Consequently the mass numbers of the nuclei of any series 
can be expressed by a single formula 


A=4n+C 


where n and C are whole numbers. 

For the uranium series C = 2 and n lies between 514 
and 59. For the actinium series C = 3, 54 <n< 58 and 
for the thorium series C = 0, 54 <n< 58. The value 
of the constant C in the expression for A is thus either 0, 2 
or 3. A radioactive neptunium series with C = 1 has been 
obtained artificially. The most long-lived element in this 
series is *%Np with a half-life of 2.2 x 10° years. 


4.3 Law of Radioactive Decay 


The radioactive decay law is a statistical law. One of 
its characteristics is the radioactive decay constant or simply 
decay constant. It is denoted 4 and has the dimension s-!. 
It yields the fraction of radioactive nuclei decaying per 
unit time. 

Let N (t) be the number of radioactive nuclei at some 
initial time ¢. Then the fraction of nuclei dN/N (t) dis- 
integrating in a time dé is 
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The minus sign in the differential equation indicates that 
the number of radioactive nuclei decreases over the lime 
period dt. Integration of the equation yields 

N (t) = Be™™ 


The integration constant B can be found from the initial 
disintegration conditions: at t = 0 the number of radivactive 
nuclei was NV, and hence B = Ng. Insertion into the latter 
equation yields the equa 
tion which expresses the law: 
of radioactive decay 

N (t) = Noe*! = (4.3) 


This law is valid if the 
number of radioactive nuc- 
lei is sufficiently large. The 
function In N (¢) depends 
linearly on t. A plot of the 
function is shown in Fig. 4.3. 
After a time equal to the 
half-life 7 ;, the number 
of radioactive nuclei is hal- 
ved. The relation between 
® and 7,,;, can be found 
in the following way. Since 


Amount of remaining nuclel 


1 
072 8 4 § 6 7 
Time in half-life units N (Tyya)/No = 1/2 = eAP 1/2 


Fig. 4.3 Law of radioactive de- jt follows 


ca 

y Tyjg = 0.693/2 (4.4) 

The number of nuclei disintegrating in the time in- 
terval between t and ¢ + dt is ANdt, each of the nuclei having 
lived a time t. The total lifetime of these nuclei is taNadt 
and the total lifetime of all Ny nuclei can be found by 
integrating tANdt from zero to infinity. The mean lifetime 
of the radioactive nuclei, t, is the ratio of the integral to .V». 


ee | 
a | HONEA aa 
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The integration yields 
T= 4/0 (4.9) 
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Formula (4.5) shows that the larger the decay constant, 
the higher is the rate of decay of the radioactive nuclei, 
Substitution of A == 4/1 into formula (4.4) gives the rela 
tion between tho half-life 7'y,, and the mean Ifetime ¢, 


Ty)9 ons 0.603T 


In tables of radioactive substances the values of the 
decay constant A, half-life 7',,, (or one of the values) and 
also the decay energy and typo of omitted particle are 
usually given. The characteristics of some radioactive 
nuclides are presented in ‘lable 4.1. | 

Table 4.1 


Characteristics of Some Radioactive Nuclides 
pe cn a a Ma eee ees Td 
Total decay 
energy Wa 
Mev o 


Decay cunatants Particle 


Nuclide Half-life 


238U 4.5 X 10° years | 4.84 xX 10718 | 4.2 
334U 2.48 X 108 years | 8.17 X 10-4 | 4.75 
719Bi 4.97 days 1.64 x 10-8 - 1.47 
s10T] 1.32 min 8.75 x 10-8 B- 1 .80 


Example. What fraction of *}°Bi nuclei disintegrates in 
one hour? According to equation (4.3) 


N/No = €7 38004 = e- 1.61 10-8x 3600 _. () gd 


The fraction of *,3Bi nuclei which disappears in an hour is 
41— NIN, = { 0.994 = 0.006, i.e. 0.6% of the "308 
nuclei decay in one hour. a 


Experimentally it is the activity of a substance that is 
measured. The activity a is the number of nuclei decaying 
per second. It can be calculated from the equation — 


a =|dN/dt | = AN 


The unit of activity is one disintegration per secund (dis./s) 
and is called the becquerel (Bq). Very often a Seria 
unit, the curle, ur fractions of it, is employed. By detinition: 

4 curie (Ci) = 3.7 x 10" diy./s; 

1 millicurie (mCi) = 3.7 > 107 dis./s; 

1 microcurie (pCi) = 3.7 « 40* dis./s. 


AO _ _____— Atomic | and Nuclear Physice  —s be ee 


Vhe concentration of radivactive substances in yases o> 
liquids can be expressed in curies per litre (Ci/l). 

A relationship exists betweon the mass of a radioactive 
substance, m, with an activity of 1 Ci and its half-life 7, 
and atomic mass A. According to formula (1.1) there ary. 
N = (m/A) Ny, radioactive atoms in the mass m and the 
activity is therefore a = (Am/A) N,. Here NV, is Avogadro's 
number. Since it is assumed that a = 3.7 x 10" dis./s, 
we obtain 


m = 8.86 x 10-“MAT a2 (4.6) 


if m is expressed in kilograms and 7,,, in seconds. 
The activity of a kilogram of a radioactive substance in 
curies is 
a= 1.13 x 10°/AT 1/4 


Example. Determine the activity of 10 g of *3U. In 
accordance with formula (1.1) the number of atoms in 10 g 
of #8 is 

N = (0.01/238) 6.02 x 107° = 2.53 x 1072 atoms 


The decay constant 4 = 4.84 x 10-8 s-!. The activity of 
the uranium a = 4.84 x 10-8 x 2.53 x 1022 = 1.22 x 
x 10° dis./s = 3.34 pCi. 


Example. Calculate the mass of Co (7\,, = 5.27 years) 
if the activity is 1 Ci. 
According to formula (4.6) 


m = 8.86 x 10-17 x 60 x 3.15 x 107 x 5.27 = 
ss 8.82 x 10-7 kg = 0.882 mg 


The accumulation of radioactive product nuclei depends 
on the disintegration rate of both the parent and product 
nuclei. Denote by N, (¢) and N, (t) the number of parent 
and product radioactive nuclei and by A, and A, their decay 
constants. If at some initial time t = 0 the number of 
parent nuclei was N,, and there were no product nuclei, 
then at a time ¢ the number of product nuclei N, (t) will be 


Nz (t)= 


Ay whit pee 
Sear Noy (e 1 ée at) 


wo special cases may be considered. 
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(a) Ay < Ag. The mean lifetime of the parent substance 
is so large that the number of its nuclei is virtually invari- 
able in time. After a time ¢ >> 1/4, the second exponential 
term may be neglected and A,N, (t) = Ay, (t). This rela- 
tionship is called the law of secular equilibrium. — : 

The parent and product substances are in radioactive 
equilibrium over a very long period of time, the activity of 
each of them being proportional to its half-life 7,,;,. The 
secular equilibrium law can be employed to determine the 
amount of a radioactive substance in a mixture. In the 
uranium series, for example, the *U nuclei (T12 = 4.5 * 10” 
years) are in prolonged equilibrium with the ™U nuclei 
(T\2 = 2.48 xX 10° years). The amount of ™U in natural 
uranium can be found from the relation 


N, (t)/N (t) = 34/738 = 0.54 x 1074 


and hence is 5.4 x 10-3%. 

(b) A, >>A,. The parent nuclei are transmuted to the 
product nuclei almost completely over a short period of 
time during which only few product nuclei disintegrate. 
Hence approximately, No, ~ No. The variation of V, (t) 
occurs according to the law 


Nz (t) = Noe772! 


Thus in the uranium series the *U and **U nuclei are in 
prolonged equilibrium via two short-lived nuclei, 7*Th 
and **Pa (see Fig. 4.2). The lifetimes of the latter nuclei 
are very short and it may be assumed that approximately 
*8U) is instantaneously transformed into 2*U without any 
intermediate decay stages being involved. 


4.4 Alpha Decay 


Alpha decay was discovered in studies of the radioactivity 
of some natural elements. The natural a-active nuclides 
are located at the end of the periodic system. Altogether 
about 40 natural and 100 artificial a-emitters are known. 

The equation for a-decay is 


2X +2 7Y+a+W, 


6—O01244 
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After expulsion of an a-particle the charge of the nucle, 
is reduced by two units and the mass number by four. 4, 
example of a-decay is 

29Py —+ *3U+ 6.0 MeV 

The energy condition for a-decay can be obtained if we 
take into account that m, = mq and Z— Z, = 2 and 
substitute M ({He) for mz + 2me in equation (4.2), 


M (Z, A)=M (Z—2, A--4)-+M ({He) + Wale? 


Since the energy Wg > 0, a-decay is possible only if the 
mass of the parent nuclide exceeds the masses of the product 
and ‘He nuclides taken together. In the example considered 
the mass of 23®Pu exceeds the sum of the 738U and jHe masses 
by AM = 0.007 amu. 

Two features of a-decay may be mentioned which were 
discovered experimentally. 

1. The decay constant A and a-particle energy £, are 
related by the equation 


Ind = B, In Ey + By 


which expresses the Geiger-Nutall law. The constant B, is 
the same for all series whereas B, varies from series to 
series. The Geiger-Nutall law shows that the shorter the 
lifetime of an a-emitter the greater the energy of the a-par- 
ticle. 

2. The energies of a-particles emitted by various sub- 
stances lie between 4 and 9 MeV. This is much less than the 
energy an a-particle would possess as a result of accelera- 
tion in the electric field of the nucleus. 

For example, the potential energy of repulsion of an 
a-particle at the boundary of the thorium nucleus in the 


a-decay ety 5 2MTh is about 30 MeV. Therefore after 
surmounting the potential barrier the a-particle should be 
accelerated to an energy of approximately 30 MeV. Actually 
the a-particle energy observed is only 4.2 MeV. 

How can the Geiger-Nutall law be explained? Why '* 
the energy of the emitted a-particles so relatively low? [he 
answers to these questions can be found in quantum me- 
chanics. In many nuclei an a-particle exists prior to the 
commencement of a-decay. They move with a_ certall! 
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energy Eq. Uf there were no potential barrier the @-particle 
would leave the nucleus with an energy Eq  FEa-- Vy 
(Fig. 4.4), where Vy is the depth of the potential well, 
This is precisely the a-particle energy observed experiment- 
ally. The a-particle escapes from the nucleus as if no poeten- 
tial barrier existed. 

According to the laws of quantum mechanics a-particles 
possess wave properties. Hence on colliding with the wall of 
the potential barrier they are reflected, just as waves would 


Fig. 4.4 Diagram illustrating the penctration of a potential barrier 
by an a-particle 


be. However not all of the a-particles are reflected back 
from the wall. Some of them penetrate the wall and escape 
from the radioactive nucleus with an energy E,. This escape 
of a-particles through the potential barrier at energies 
below the height of the barrier is called the tunnel effect. 
This effect explains the low a-particle energies observed in 
a-decay. 

The width of the potential barrier decreases with increase 
of the energy Eg (seo Fig. 4.4). The narrower the potential 
barrier the greater is the probability that an a-particle will 
escape from the nucleus. This, briefly, is the physical oxpla- 
nation of the Geiger-Nutall law. 

The fraction of e@-particle collisions with the potential 
barrier which results in a-particle emission is called the 
transmission coefficient D. With incroase of the a-particle 
ae 
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energy the transmission cvofficient increases and becomes 
unity at energies Eg exceeding the height of the potential 
barrier V,. [t may be mentioned that in the case of irradia 
tion of a nucleus by charged particles a possessing an energy 
E, <V, the transmission coefficient determines the frac. 
tion of particles penetrating into the nucleus through the 
potential barrier. These particles then interact with the 
nucleus. 

The energy of an a-particle depends on the energy state 
of the product nucleus after the a-disintegration. If the 
product nucleus is formed only in the ground state, mono- 
energetic a-particles will be emitted. However, if the product 
nuclei are formed in the ground and excited states, several 
energy groups of a-particles and y-quanta will be emitted. 
The a-particle spectrum is therefore discrete. 

The disintegration diagram of *35U which illustrates the 
emission of several groups of «-particles is shown in Fig. 4.1. 
Three groups of a-particles with energies of 4.559, 4.370 
and 4.470 MeV are observed in the a-decay of 733U. The 
product nucleus *!Th is formed either in the ground state 
or in one of two excited states. The further transformation 
of thorium from the excited state to the ground state is 
accompanied by y-quantum emission. 


4.5 Beta Decay 


In f-decay one isobar is transformed into another. On 
the neutron-proton diagram (Fig. 3.7) the chains of ra- 
dioactive isobars are located on lines for which A =constant. 
One of the characteristic features of B-decay is that the 
energy spectrum of the f-particles f (E.) is continuous 
(Fig. 4.5). The energy of B-particles varies between zero 
and the decay energy Eq which in this case is also called 
the maximal or end-point energy, E™*. This energy is 
usually indicated in the B-decay schemes (see Fig. 4.1). 

The §-particle spectra are measured with magnetic beta- 
ray spectrometers. With respect to design and operation 
they resemble conventional mass-spectrometers. 

Along with the positron (or electron) a neutrino v (oF 
antineutrino v) is emitted in fB-decay. The neutrino has a 


t 
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spin A/2 and like y-quanta moves with the speed of light 
and has no rest mass or charge. The penetrating power of 
neutrinos is enormous and hence it is difficult to detect 
them. 

The B-particle energy E, = BOE Eyl It depends on 


the energy of the neutrino £, which may have any value 
between 0 and £™x. Precisely because of this the B-particle 


spectrum is continuous. On the average the B-particles carry 
an energy Emax/3 which can be measured experimentally. 


Before anything was known about the existence of the 
neutrino it seemed that the law of conservation of energy 
was being violated in B-de- 
cay and some scientists be- 
gan to doubt the validity 
of the law in the microcosm. 
In 1933 the Swiss physicist 
Pauli predicted theoretical- 
ly the emission of neutrinos 
and the applicability of the 
law of conservation of ener- 
gy in B-decay. fp-particle Energy 
Modern theory regards .,. oe 
the emission of B-particles Bee set ae ore 
and neutrinos (antineutri- 
nos) in B-decay as being the 
result of nucleon transformations in the nucleus. Electrons 
arise in the transformation of a neutron into a proton, and posi- 
trons in the transformation of a proton into a neutron. If the 
number of neutrons in a nucleus exceeds that found in the 
stable nuclei with the same atomic number Z, f--decay 
will occur in which a neutron in the nucleus is replaced by 
a proton, 


Number of p-particles 


Ee 


n—-> p+p+v 


The charge of the nucleus in this case is increased by one 
whereas the mass number remains unchanged. The B-- 
decay energy can be found from equation (4.1) in which it 
should be assumed that Z — Z, = —1 andm, = m,: 


Wa = 931 [M (Z, A) = M (Z + 1, A)| 
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The decay energy is positive and hence B~-decay is possible 
on the condition that the mass of the parent nuclide M (Z, 4) 
exceeds that of the product nuclide M (Z + 1, A). 


Example. Find the energy of the B--decay 
GK > Ca +p +94 We 
The masses of the parent and product nuclides are 
M (8K) = 39.9640 amu; M (Ca) =39.9626 amu 
The decay energy 
Wa = 931 (39.9640 — 39.9626) ~ 1.3 MeV 


If the nucleus contains an excess of protons it is transmut- 
ed as a result of transformation of a proton into a neutron, 


p>ont+ft+yv 


A transformation of this type can occur only in the nucleus. 
Free protons are stable particles. The mass number doves 
not ch uge in B*-decay whereas the nuclear charge decreases 
by on In written form the energy conditions for B*-decay 
and fB decay are quite different. Inserting Z— Z, = ! 
and m, =m, into equation (4.1) we get 


Wa = M (Z, A) — M (Z —1, A) — 2m, 
Thus positron decay occurs only if the mass of the parent 


nuclide exceeds that of the product nuclide by at least two 
electron masses. 


Example. Find the energy of the B*-decay $C + '!B — 
+ B+ + v. The nuclide and electron masses are 
M (AC) = 11.0114 amu, M (4\B) = 11.0093 amu. 
m, = 0.00055 amu 


‘The decay energy is 
Wa == 934 (11.0114 — 11.0093 — 0.0011) ~ 0.931 MeV 


The third type of B-decay is electron capture. .\ nucleus 
with an excess of protons may capture an electron from on 
of the atomic orbits. The capture is followed by the emission 
of characteristic X-rays and, as in positron decay, a nuclear 
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proton is transformed into a neutron, 
p+e-—+n-+y 

Electron capture is designated in accordance with the orbit 
from which the clectron is acquired. Thus capture of an 
electron from the K-orbit is called A-capture, that from 
the L-orbit is called L-capture etc. and the electrons involved 
are respectively denoted ex, ez etc. 

In electron capture the atomic number decreases by one 
(Z — Z, = +1) and an electron disappears (m, = —m,). 
Thus according to equation (4.1) the decay energy 


Wan = [M (Z, A) — M (Z —1, A)l e? 


where the subscript n = K, L, ... denotes the type of 
electron orbit. Electron capture can therefore be observed 
if the mass of the parent nuclide exceeds that of the product 
nuclide. The equation for electron capture is 


2X > 2 AY 
The shell from which the electron is captured is indicated by 


the symbol above the arrow. 
An example of K-capture is 


K e 
7Be > ?Li 


in which the 7Be nucleus captures a A-electron with a cap- 
ture energy Wax = 0.886 MeV. 


4.6 internal Conversion. Nuclear Isomerism 


Internal conversion. Excited nuclei with excitation ener- 
gies lower than the binding energy of the nucleon may go 
over to the ground state and emit y-quanta. However. 
the excitation energy may be liberated in other ways. In 
a process called internal conversion the excitation energy 
of the nucleus is transferred directly to an orbital electron 
which may then be ejected from the atom. The vacancy 
in the inner shell is then filled by an electron from an outer 
“hell and the atom omits a characteristic X-ray photen 

During internal conversion part of the excitation energy 
of the nucleus is expended in breaking the bond between 
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the electron and nuclous, ¢,, and the other part ix trans 
formed into the kinetic energy of the electron, F. 


Wex = €e + be 


Since the excitation energy of the nucleus and the binding 
energy of the electron in each atomic shell have discrete 
values, the electrons ejected in internal conversion will 
also possess discrete energy values. In this respect B--decay. 
which has a continuous spectrum, differs significantly from 
internal conversion. 

The discrete energy spectrum of the internal conversion 


electrons observed in the radioactive decay app F ood 
is presented in Table 4.2. The product nucleus *;{Bi is pro- 


Table 4.2 


Spectrum of Internal Conversion Electrons Emitted 
in Radioactive Decay 


Electron energy Electron Electron binding Quantum eneres 
~ Mev she energy &q, Me Ey, MeV 
0 .0368 L 0.0161 0 .0529 
0.1510 K 0 .0887 0 .240 
0.1617 K 0.0887 0.257 
0.2041 K 0 .0887 0 .293 
0.2605 K 0 .0887 0.350 


duced in excited states. Some of the excited nuclei decay 
to the ground state by internal conversion and some emit 
y-quanta. 

The quantities E., &. and £, can be measured. The sum 
of the energies EF, + e, (first and third columns) is close 
to the energy of the y-quanta (fourth column) and this 
confirms the internal conversion origin of the electrons. 

Nuclear isomerism. Nuclear isomers are nuclei with the 
same atumic number and mass number but with different 
energy states. The phenomenon of existence of nuclear 
isomers is referred to ag nuclear isomerism. Isomers may be 
formed in f-decay or in nuclear reactions. They were first 
detected by the German chemist Hahn in 1981. Among the 
fh -decay products of *%4Th he observed two protactinium 
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isomers with lifetimes of 6.7 hours and 1.22 minutes: 

g++ rPa 

“Th 

Np-4 54 2""Pa 
Bromine isomers were discovered in 1935 by Academician 
]. V. Kurchatov. Irradiation of natural bromine by neutrons 
results in the nuclear reaction 
?9Br-tn— °3sBr 

The **Br nucleus is formed in the excited state (indicated 


by the asterisk). If the neutron energy is close to zero, the 
excitation energy is equal to the binding energy of the 


Br 


10.090 Mey 


2.074 MeV 


1.990 MeV 


80 
364 
Fig. 4.6 Formation of ‘%%Br and §Br isomers 


neutron in the *°Br nucleus. Part of the excited nuclei 
emits y-quanta (Fig. 4.6, J) and goes over to a metastable 
level whereas the others make transitions to the ground state 
(Fig. 4.6, JJ). The half-life of the ${Br isomer is 18 minutes. 
Therefore the #?Br nuclei produced in the nuclear reaction 
disappear in a comparatively short time. 

‘The excitation energy of the “%{Br nucleus is removed in 
two competing processes with a half-life of 4.4 hours. These 
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processes are y-decay ("Br -»> y -| *°Br) and internal con- 
version (“3 Br— e- -+ Br). The emission of conversion 
electrons ae = 4.4 h) and B~-particles (71/2 = 18 min) 
is what is observed experimentally. 

Transformation of the metastable B-active nuclei inta 
their products may occur along several lines. Thus the 


“3sKr nucleus undergoes either y-decay or f--decay: 


y+ jeKr 
em] 7 


Np- 9-4 SRb 


4.7 Applications of Radioactive Substances 


The production of radioactive substances is steadily rising 
in many countries of the world. This is due to the fact that 
the application of radioactive substances has been helpful 
for solving various complex problems. 

In the studies of many processes the labelled atom technique 
has been useful. The chemical properties of isotopes of a 
certain element are identical. If the stable isotope of an 
element in a chemical compound is replaced by a radioactive 
isotope (tagged or labelled atom), the role of that element 
in the chemical or physical processes of interest may be 
ascertained in some cases by studying the movement otf 
the isotope. 

Labelled atoms are used in medicine for diagnostic pur- 
poses and treatment of sicknesses. ‘wo examples may be con- 
sidered. The blood circulation of a patient can be checked 
by introducing a small amount of radioactive sodium into 
the vein. The sodium does not become evenly distributed 
in the body instantaneously. The radioactive atoms initially 
move through the blood vessels in a concentrated form. 
‘The radiation emitted by the radioactive sodium atoms is 
measured by a y-quantum counter placed near the foot of 
the patient. In a healthy organism the counting rate increases 
rapidly after introduction of the isotope and is maximum 
in Jess than an hour. If the circulatory system is not fune- 
tioning satisfactorily the counting rate increases slowly. 
By measuring the counting rate ato various parts of the 
patient’s body one may detect the accumulation of the 


Radioactivity 94 


tagged atoms and hence the sites of blood vessel occlusion. 

inhanced amuvunts of iodine are found in the thyroid 
glands of patients afflicted by Hasedow’s disease. To study 
the functioning of the thyroid gland radioactive iodine is 
introduced. The seriousness of the sickness may be estab- 
lished by measuring the counting rate near the thyroid gland. 

Biologists use the tracer technique to study the uptake 
and distribution of elements in organisms. As an example, 
radioactive phosphorus is included in compounds fed to 
plants. The plant is then pressed upon a photographic film 
and covered with light-proof paper. After development the 
film yields the distribution pattern of the phosphorus in 
the stems and leaves of the plant. 

Wear-proof of piston rings, bearings etc. is studied in 
the engineering industry by means of labelled atoms. For 
this purpose radioactive iron isotopes are introduced into 
the parts under investigation. During operation of the 
engine some of the atoms appear in the lubricating oil. 
The wear of the particular part may be determined by 
periodically measuring the activity of the oil. 

In industry y-sources are employed to check the quality 
of finished parts, integrity of welded joints etc. The machine 
part is placed between a y-quantum source and photographic 
film. After development cavities and other defects may be 
detected in rejects. Gamma-ray emitters are useful for 
measuring continuously the metal thickness in rolling 
mills. 

The absorption of the charged particles and y-rays emitted 
by radioactive substances is accompanied by the liberation 
of heat. Radioactive substances employed as sources of heat 
are called radioisotope fuels. They are used in radioisotope 
thermoelectric power generators. 

The main components of the generator are the radioisotope 
fuel capsule, battery of thermocouples, thermal insulation, 
construction parts and cooler (Fig. 4.7). Part of the fuel 
capsule is covered with thermocouples and the other part 
by heat insulating material. 

An amount of heat Q, flows from the radivisolope capsule 
to the thermoelectric couple battery (Fig. 4.8) and part of 
this heat Q, is then transferred to the cooler with cooling 
fins which facilitate the discharge of the heat to the ambient 
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medium. The difference between these two heat flows AQ = 
=a Q, — Q, is used to generate electric energy. 

The radivisotope fuel is usually a metal or chemical 
compound with a high specific power (energy released per 
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Fig. 4.7 “Beta-3” radioisotope generator 


1 —radivisotope fuel capsule; 2— thermal insulation} 3—thermobattery, 4¢—~casing: 
5—lid; 6—cooler 


unit mass or unit volume per second), high heat conductivity 
(fable 4.3) and melting point of not less than 500°C. The 
demands on the radioisotope fuel and construction parts 
are rigid. They are dictated by the constraints on the size 
and mass of the generator as well as by the radiation safety 
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required in case of breakdown during operation or accidents 
in transportation of the generator. 

Other restrictions on radioactive metals are that they 
should not be toxic, nor react chemically with the air, 
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Fig. 4.8 Schematic drawing of a radioisotope thermoelectric generator 


water or material of the fuel capsule and should possess 
a sufficiently high melting point. Therefore the metals are 
usually replaced by compounds containing them. Examples 
are strontium titanate SrTiO, and cerium molybdenate 
Ce,(MoQ,)s.- 

The thermocouple battery consists of a large number of 
thermocouples connected in series. The junctions to which 
the heat flows from the radioisotope capsule are called hot 
junctions and the junctions in contact with the cooler are 
the cold junctions. A thermocouple consists of two semi- 
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conducting rods. One rod is a semiconductor with electronic 
conductivity (n-type semiconductor) and the other is a semi- 
conductor with hole-type conductivity (p-type semicon- 
ductor). 

The heat AQ is expended in the battery in the formation 
of free electrons (in the n-type semiconductor) or positive 
ions (p-semiconductor), the amount of the charges increasing 
with the temperature. Since the temperature of the hot 
junction ¢, exceeds that of the cold junction ¢, the charge 
distribution is not uniform in the rods and an electromotive 
force arises. Materials particularly suited for making thermo- 
couples are the solid solutions Bi,Te,Sb,Te, and Bi,Te,- 
Bi,Se, (operation temperature range 200-600 K) and the 
alloys Pb-Te (600-1000 K) and Si-Ge (900-1300 K). 

The main characteristics of the generator are the electric 
power P,, service life t, output voltage U and efficiency 1. 
The power P,(t) is proportional to the activity of the radio- 
isotope fuel. The service life t varies between 0.271,, and 
11,, depending on the generator. The half-life 7; /y is usually 
chosen to lie between 100 days and 100 years. 

The voltage U is proportional to the temperature drop 
At = t, — t, and to the number of thermocouples in the 
battery. The efficiency n depends on the temperature drop 
At, temperature of the hot junction and properties of the 
semiconducting materials. The electric power of geuera- 
tors of the “Beta”, “Efir” and “Penguin” types in operation 
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in the USSR and of the “SNAP-7" type in the USA is around 
100 W, the output voltage being 4-12 V and efficiency y 
not higher than 10%. 

Radioisotope thermoelectric generators have been em- 
ployed for powering automatic radiometeorological sta- 
tions, radio beacons, apparatus in artificial satellites of 
the earth etc. Miniature generators have also been applied 
in medicine such as for powering heart pacemakers. 


CHAPTER 5 
INTERACTION BETWEEN 
IONIZING RADIATIONS 


AND MATTER 


5.1 Particle Flux Density and intensity 
of ionizing Radiation 


Any radiation which on the interacting with matter 
produces electric charges of opposite signs is called ionizing 
radiation. Ionizing radiation (or simply, radiation) can be 
divided into charged radiation (electrons, protons, «-parti- 
cles etc.), electromagnetic (y-quanta) and neutral (neutrons, 
neutrinos etc.) radiation. Charged particles ionize molecules 
by interacting with the electrons of their atoms. Gamma- 
rays and neutrons produce charged particles in matter 
through which they pass and these particles then ionize the 
molecules of the matter. 

Quantitative characteristics of any radiation are the 
particle flux density and radiation intensity. We shall define 
these quantities for radiation whose particles move in 
a given direction. The particle flux density is the number 
of particles incident per unit time on a unit area perpendicu- 
lar to the direction of propagation of the radiation. Suppose 
that the density of a particle flux striking a plane target, q, 
is constant and let nm denote the number of particles in a 
unit volume moving toward the target. This number is 
called the particle density. 

Assume that all particles moving in a given direction 
have the same velocity v. The number of particles passing 
through a unit area of the target per second will be the 
product of the velocity and unit area. Hence the particle 


flux density 
(p = nv 


The unit of particle flux density is particles/m?-s. 

Radiation consisting of particles of a single kind and 
possessing identical energies is called monoenergetic radia- 
tion. The number of particles striking a target of area S 
per unit time is called the particle flur . If the particle 
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flux density over an area S is constant, the particle flux 
will be ® = @S. For example, if the area S -- 10 cm? 
and the particle flux density of a neutron beam ~ = 
= 107 neutr./m?-s, the neutron flux will be 


@® = 10!7 x 10-3 = 10!* neutr./s 


The radiation intensity I is defined as the energy of the 
radiation incident per unit time on a unit area perpendicular 
to the direction of propagation of the radiation. Some units 
of radiation intensity are the watt per square metre (W/m’), 
mega-electronvolt per square metre per second (MeV/m?-s). 

The intensity expressed in MeV/m?-s units exceeds nu- 
merically that in W/m? by 6.25 x 10” times: 


I MeV/m?2-s = 6.25 x 1022 J W/m? 


For monoenergetic radiation consisting of particles with 
kinetic energy E the particle flux density and radiation 
intensity are related by the simple formula 


I= QE 


If the radiation consists of nonmonoenergetic particles 
the kinetic energy Z in the formula should be replaced by 


the mean kinetic energy of the particles, E, 
I = gE 


In many cases the direction of motion of the particles is 
not unique. However as a rule the interaction between the 
particles and medium is independent of the direction of 
motion of the particles. Therefore for calculation of a number 
of quantities more general definitions of particle flux density 
and radiation intensity are introduced. The intensity of 
radiation J (r) (or particle flux density @ (r)) at a point r 
is defined as the energy of the radiation (number of particles) 
entering in a unit time a sphere with a unit cross section 
and centre at the point r. 

The definitions of the particle flux density and radiation 
intensity given above for a directed beam of radiation are 
particular cases of this definition. 

The expression for the flux density of a nondirected beam 
of particles in terms of the particle density and velocity is 
similar to that for a beam of particles with a given direction. 
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In this case, however, the particle density 7” refers to all 
particles with velocity v moving in a unit volume along 
all possible directions. 

Nonmonoenergetic radiation consists of particles with 
different energies. As an example, the electrons emitted in 


B--decay possess energies ranging from zero to Ee'*. Nonmo- 
noenergetic radiation is specified by the particle flux density 
p (r, E) referred to a unit energy interval near energy £ at 
the point r. It is briefly called the particle flux density 
for the energy E at point r and is measured in units 
part./m?-s-MeV. The particle flux density in a narrow 
energy interval dE between E and E + dE is 


@ (E, r) = (E, r) dé 


The total particle flux density at point r can be found by 
integrating with respect to energy: 


e(r)= J p(B, r) ak 
0 


The intensity of nonmonoenergetic radiation in a narrow 
interval dE near energy £ is 


I (E, r) dE = (E, r) EdE 


and the total intensity of radiation at point r 
I(r)= j (E, r) EdE 
0 


Usually radiation interacts with the medium over a finite 
time ¢t. In order to characterize the radiation in this case 
the quantities particle fluence F (r) and integral intensity 
of radiation I, (r) are introduced. They are defined as the 
number of particles (energy of radiation) entering a sphere 
with unit cross section and centre at point r during the 
time ¢t. If the particle flux density @ (r) is independent of 
time, the particle fluence F (r) = g (r) ¢ and the integral 
intensity of radiation J, (r) = J (r)t. 

The particle fluence and integral radiation intensity are 
measured in particles per square metre (part./m?) and mega- 
clectronvolts per square metre (MeV/m’) respectively. 
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If the particle flux density or radiation intensity vary 
with time the integral quantities are found by taking into 
account the time dependences: 


t t 
Firy=letr, dt Liy=J1,oae 
0 0 


5.2 Interaction Between Heavy Charged Particles 
and Matter 


Heavy particles are defined as those whose mass exceeds 
by hundreds of times the electron mass. On passage through 
matter they interact predominantly with atomic electrons 
since the nucleus occupies a much smaller space in the 
atom. Hence the nucleus does not play a significant role 
in the slowing down of heavy particles. 

Consider (Fig. 5.1) the interaction between a heavy parti- 
cle (with velocity v, charge q> 0) with a free electron at rest 
and let us find the depend- J 
ence of the energy lost by Les 
the particle on v and gq. 

On passing near an elec- 
tron at rest the particle 
exerts a coulomb force 
whose absolute value is 


F = bgge/er? 


where r is the distance in 
metres between the charges 
and depends on time; by) = 
=9 x 10° m/F isa constant 
and e is the relative dielectric constant of the medium, 
which shows how many times the interaction is weaker in 
the medium than in vacuum. 

The coulomb force F acting on the electron (see Fig. 5.1) 
is directed along the radius r. It may be resolved into two 
components: F = F, + F,. Force F, is parallel to the 
velocity v and force F, perpendicular to it. At points sym- 
metric with respect to point O the absolute value of compo- 
nent F, is the same but the signs of F are opposite. Hence 


le 


Fig. 5.4 Collision between a heavy 
charged particle and electron 
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deviations of the electron in the horizontal direction mutual. 
ly componsate each other at symmetric points befure and 
after point O and the electron is deflected as a result of 
the collision only in the vertical direction. 

The coulomb force is inversely proportional to r’. It is 
significant only over a small part of the trajectory / located 
near point O. On this section the distance r is nearly constant 
and is approximately equal to R. 

According to the law of conservation of momentuM Mee = 
= F,t, where m, and v, are the electron mass and velocity 
respectively. The time of interaction between the particle 
and electron ¢ = l/v. On section 1, Fy ~ F. The kinetic 
energy acquired by the electron in a time ¢ is 
2 
e q- 
3 — BoaRe 
where B is a proportionality coefficient. A positive charge 
attracts the electron which thus moves toward the particle 
trajectory. If the heavy particle is negative the electron 
will move away from the particle trajectory as a result of 
the collision. For identical velocities v and distances A 
an a-particle will lose 4 times more energy in a collision 
than a proton or deuteron. With increase of the velocity v 
the time t, and hence the energy loss of the particle in colli- 
sion with an electron, will be smaller. 

Actually electrons are not free in matter and are bound 
in the atoms. Hence only energies sufficient for the ioniza- 
tion or excitation of the atom may be imparted to the elec- 
tron. As a conseguence, for distances R exceeding some R, 
the particle effectively does not interact with a definite 
electron but rather with the atom as a whole. In this case 
an elastic collision between the particle and atom is said 
to occur. The distance AR, at which the atom can still be 
excited depends on the atomic number Z, i.e. on the binding 
strength of the electrons in the atom. 

The energy which a charged particle loses in inelastic 
(excitation or ionization) or elastic collisions with atoms 
is usually referred to as an ionization loss. It can be 
characterized by the specific ionization N, which is the 
number of ion pairs (electron plus positive ion) produced 
per unit path length of the particle in the medium. The 


E,= 
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energy oxpended in the formation of an ion pair in a certain 
substance, e;, is on the average the same for various charged 
particles. This onergy is callod the energy of formation of 
an ion pair. Approximately half of the onergy ©, is spent 
in ionization and the othor half in oxcitation and olastic 
collisions with the atoms (molecules). In air, for oxamplo, 
36 eV are expended in tho formation of an ion pair. 
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Fig. 5.2 Dependence of specific onorgy loss in air on the onergy of 
a charged particle 


The specific ionization can readily be determined on the 
basis of the specific energy loss E, which is the decrease 
in the kinetic energy of the particlo per unit path length 
in the medium. The number of ion pairs por unit length is 
simply the specific energy loss divided by the onergy of 
formation of an ion pair e;: 

N, = Ee, 

The specific energy loss is also called the stopping power 

of the particular substance. It depends on the square of the 


particle charge and on the square of the particle velocity. 
It is also proportional to the number of electrona encountered 
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by the particle poor tnth levrnggtte snnnel bree ber thee dosent y 
of atomic electrons of the substance N,, 
Ky ~ Nag! 

The dependences of the speciiio energy lum on purtiel: 
energy are shown in Wig, 5.2 for masons, protonn, Meters 
and a-particlos moving through air, The curven have siintlas 
shapes but aro shifted with rospoot ty each other slong the 
energy axis. With Increase of particls energy the time of 
interaction with the olectrons is shorter nnd bones the 
ionization losses are Jower, ‘Tho lonization losses begin 
to riso whon the kinetic onergy of the particle im about 
double its rest onergy. ‘Tho explanation is that the oloctric 
field of charged particlos with volocitios v U- O.9e boginn 
to deform and is stronger in the direction perpendicular 
tu the particle trajectory. A result of this deformation of 
the electric field is that the range of action of the wlectric 
forces of the particle is greater and more vloctrons are actod 
on than at the lower velocities, 


5.3 Range of Heavy Particles In Matter 


A charged particle traverses a certain distance in mattor 
prior to losing its kinetic energy. The total longth of the 
path of a charged particle is called its linear range N. ‘lho 
linear range depends on the specific onorgy loss. The higher 
the density of the atumic electrons and tho particle charge, 
the greater are the energy losses and hence the smallor is 
the range. Heavy charged particles mainly interact with 
the atomic electrons and are weakly deflected from the 
initial direction of motion. For this reason the range of 
a heavy particle can be measured by the distance between 
the particle source and pvint of stoppage. 

A good idea as to how a-particles are slowed down in air 
can be obtained frum the curve in Fig. 5.3 obtained in 1905 
by the English physicist Bragg for monvenergotic a-particles 
with an initial energy of 7.68 MeV. With increase of the 
distance from the source the specific ionization of the par- 
ticles slowly rises, then increases abruptly and further out 
begins to drop sharply. This type of behaviour can be ox- 
plained by the variation of the particle velocity. The @- 
particle initially moves with a high velocity and the specilic 


Tonizing Radiations and Matter 103 


ionization is correspondingly low. Due to the ionization 
losses the a-particle is slowed down and interacts a longer 
time with the electrons. Consequently the specific ionization 
increases. The ionization losses are particularly high near 
the end of the a-particle path. However, when the particle 
moves very slowly it begins to capture electrons from the 
orbits of the atoms of the medium and is transformed into 
a singly ionized and then 
neutral helium atom. As a 
result the ionization losses 
drop off very rapidly. 

The a-particle flux dens- 
ity is almost independent 
of the distance of the par- 
ticles from the source where- 
as the energy intensity of 
the a-particles decreases 
with increase of the distance 
from the source as a re- 
sult of the ionization losses. 

The interaction between 
a-particles and electrons is vig 5.3 een oF pee ioni- 

: . zation On SlOWI1INg wn OF an @- 
OA aed tan pl particle in air (Bragg curve) 
tain spread of the ranges 
(straggling). A small fraction of the a-particles have 
ranges exceeding somewhat those of the other particles. 

The mean range of monoenergetic a-particles, R,, can 
be calculated by empirical formulas. In air under normal 
conditions 


Specitic ionization, rel. watts 
‘S 


0 
Distance from source, em 


R, = akg (5.1) 


where AR, is the range in cm and E, the kinetic energy of 
the a-particles in MeV. For a-particles emitted by natural 
a-emitters (4<. EF, <9 MeV), a = 0.318, n = 1.5. For 
a-particles with higher energies (E, < 200 MeV), a = 0.148, 

= 1.8. Thus for a-particles with an energy E, = 5 MeV 
the distance covered is 3.51 cm; for an energy E, =: 30 MeV, 
R, = 68 cm. 

The ratio of the linear ranges of two different types of 
particles possessing identical initial velocities im air is 


104 Atomic and Nuclear Physics 
proportional to the ratio of the specific energy losses of 
the particles, 
Fi _ mi (42)? 5) 
A= (#) (5.2) 
where m, and m, are the particle masses and q,, ge the parti- 
cle charges. 


Example. Determine the linear range of a proton with 
an energy EZ, = 10 MeV in air. 

We shall first find the kinetic energy of an a-particle 
possessing the same initial velocity as the proton: 


Ey mpvs, Mp 4 


ee = Mavs, = ma 4 
The linear range of a-particles with an energy E, = 40 MeV 
in air is 

R, =0.148E4"° = 114 cm 


The linear range of a proton with an energy Ey = 10 MeV 
(see formula (5.2)) is 
1,2)\2 
Rp=F (+) R,=114 cm 

Capture of electrons by moving fission fragments, in con- 
trast to charge exchange involving a-particles, occurs over 
the whole range of the fragment and not only at the end. 
The fragment fills its electron shells by capturing electrons 
from the medium and thus decreases its charge. The linear 
range in air R; of a fission fragment with a mass number «1 
under normal conditions can be calculated by the formula 


R, x 4—1.35 x 10-74 om 


Fission fragments with a mass number A = 120 travel 
a distance in air R,; ~ 2.4 cm. In solids the linear range 
of a fission fragment is approximately 10° to 10* times 
smaller than in air. 

In experimental physics the mass range of a charged 
particle, R,, expressed in kilograms per square metre 
(kg/m?) is frequently employed instead of the linear range. 
Numerically the mass range is equal to the mass of matter 
in a cylinder whose height is equal to the linear range of 
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the particle in metres, R, and cross section is 1 m?, 


where p is the density of the matter in kg/m’. 
An empirical formula for the mass range of a-particles 
with energies lying between 4 and 9 MeV is 


Rag = V AE& g/m? (5.4) 


where A is the mass number of matter and EF, is the a- 
particle energy in MeV. 


Example. Find the mass and linear ranges of «-particles 
with an energy FE, = 5 MeV in beryllium (A = 9, p = 
= 1800 kg/m'). 

According to formula (5.4) the mass range 


Ring = V9 X 125 = 33.5 g/m? 
According to formula (5.3) the linear range 
R, = 33.5 X 1073/1800 = 1.85 x 10-° m = 18.5 pm 


5.4 Interaction Between 6-Particles and Matter 


The energy losses of electrons moving in matter may be 
divided into ionization and radiative losses. 

The energy dependence of the specific ionization losses 
for electrons is similar to that for heavy charged particles 
(see Fig. 5.2). The energy loss curve decreases with increase 
of the velocity up to kinetic energies equal to about twice 
the electron rest energy and then begins to rise slowly. 

Radiative energy losses occur as a result of acceleration 
of a free charged particle in the electric field of a nucleus. 
On passing near the nucleus the particle is deflected by the 
coulomb force F = b9Ze*/er*. This force is also related to 
the particle mass m and its acceleration a in accordance with 
Newton’s second law, F = ma. Any free charge moving 
with acceleration a emits photons whose total energy is 
proportional to the square of the acceleration. Since a? = 
= F*/m?, i.e. a? ~ 1/m*, the radiative losses of heavy 
charged particles will be considerably lower than those of 
light charged particles (electrons or positrons). Thus the 
radiative losses of electrons exceed those of protons subject- 
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ed to tho same force by (m,/m,)§ = 3.5 X 10° times. Radia- 
tive losses of heavy particles are insignificant compared to 
ionization losses up to very high particle energies and usually 
are not taken into account. However the radiative losses 
of light particles may be appreciable, particularly on passage 
through media with high atomic numbers Z 

The radiation emitted as a result of radiative losses 
is called bremsstrahlung. This is the radiation produced by 
the deceleration of charged particles in the electric field of 
a nucleus. Bremsstrahlung is also emitted by electrons 
moving in circular orbits in electron accelerators (betatrons 
and synchrotrons). The radiation in these cases is therefore 
called betatron and synchrotron radiation. 

The specific radiative losses E, are proportional to the 
electron energy E, and square of the atomic number of the 
medium: 

E, ~ BE. 


Ionization losses of electrons FE, predominate at compara- 
tively low energies. With increase of kinetic energy the 
relative contribution of the ionization losses to the total 
energy loss diminishes. Since EZ, ~ Z, the ratio of the 
specific radiative to ionization losses, k, is proportional 
to ZE., 

k = 1.25 x 10°3ZE, 


where E, is expressed in mega-electronvolts. 

The electron energy for which EF, = E, (k = 1) is called 
the critical energy. For iron (Z = 26) the critical energy 
is 34 MeV and for lead (Z = 82) approximately 9.8 MeV. 
Above the critical energy radiative losses exceed the ioniza- 
tion losses. Thus in iron the radiative energy losses of 
100 MeV electrons exceed the ionization losses by 3.25 
times and in lead by 10.2 times. 

Bremsstrahlung radiation with frequencies in the X-ray 
range is obtained in special X-ray tubes with a high vacuum 
and heavy anticathode. It is applied in medicine for diagnos- 
tics of diseases. The electrons in the tubes are accelerated 
up to 30-100 keV (1 keV = 10° eV) and then stopped by 
the heavy anticathode. The X-rays omitted on deceleration 
of the electrons possess a continuous spectrum. 
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The electron mass is much smaller than that of heavy 
particles and this determinos the character of their motion 
in matter. Electrons are strongly deflected on colliding with 
atomic electrons or nuclei. They do not move along a straight 
line as heavy particles do but in a tortuous path. The total 
path length of electrons greatly exceeds the ranges of heavy 
charged particles. Of practical interest, however, is the 
effective electron range. This is the thickness of a layer 
of matter which completely stops the electron. The effective 
mass range of electrons Ry. in aluminium can be found 
by the empirical formulae 


Re = 5.43E, — 1.60, for 1.0< E,.<2.5 MeV ae 
Rme = 5.30E, —1.06, for E,>>2.5 MeV eo) 


where Ry, is in kg/m? and E, is the maximum 6-particle 
energy or the energy of monoenergetic electrons in MeV 
units. Formulae (5.5) may be used with an accuracy to 
about 10% for estimation of Ry, in air and iron. 


Example. Find the thickness of an aluminium layer 
absorbing electrons with an energy 2 MeV. 

The density of aluminium is 2700 kg/m®. According to the 
first of formulae (5.5) 


Rme = 5.43 X 2 — 1.60 = 9.26 kg/m? 
Ray = Rme/par = 9-26/2700 = 3.43 x 10° m = 0.343 cm 


Fast positrons lose their energy just as electrons do by 
ionizing and emitting bremsstrahlung. The slowed down 
positrons can pull out electrons from the outer shells of 
the atom since they are more weakly bound than the inner 
electrons. The electron-positron pair may form the lightest 
of hydrogen-like atoms, which is called positronium. In 
such atoms the electron and positron revolve around a com- 
mon centre of mass. The lifetime of positronium is of the 
order of a billionth of a second after which the positron 
and electron annihilate to produce two or three y-quanta. 
The total energy of the y-quanta is 1.02 MeV which is twice 
the rest energy of an electron. Electrons and positrons may 
also annihilate without forming positronium. The radiation 
produced in electron-nositran annihilation is called annthi- 


lation radiation. 
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5.5 Interaction Between Electromagnetic Radiation 
and Matter 


Law of attenuation of radiation in matter. X-rays, beta- 
tron, synchrotron and gamma-radiations are electromagnetic 
waves and their behaviour depends on their frequency. They 
are identical if their frequencies are the same. Thus it will 
be sufficient to consider the interaction between gamma 
radiation and matter. The properties of the other radiations 
in the same frequency range are identical. 

Gamma radiation is a strongly penetrating radiation. On 
passing through matter y-quanta interact with the atoms, 

electrons and nuclei and 


Target their intensity is attenuated. 

-ygntum The attenuation law for a 
ane parallel monoenergetic beam 
of primary y-quanta striking a 

a plane target will be considered. 
By definition primary par- 

ticles are those which did not 

0 x xtdx interact with the electrons, 


nuclei or atoms on passage 
Fig. 5.4 Beam of y-quanta in- through matter. 
cident on a plane target Let a parallel (collimated) 
beam of y-quanta be incident 
on a plane target at right angles (Fig. 5.4). The intensity 
of the primary beam is diminished as a result of absorption 
and scattering of the y-quanta. A y-quantum scattered by 
an electron loses part of its energy and changes its direction 
of motion. At a distance z from the front surface the flux 
density of the primary y-quanta is reduced to a value @ (z). 
In a thin layer of the target, dz, the y-quantum flux density 
is reduced from g (z) to @ (zx + dz). Since the thickness 
of the layer is assumed to be small the difference between 
the flux densities @ (xz) and g (x + dz) is not great Under 
these conditions the number of interactions between the 
y-quanta and matter in the thin layer is proportional to the 
flux density g (z) at the surface of the layer and to the 
layer thickness dz, 


dy = —pq dz (5.6) 
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The minus sign in the right-hand part of the equation 
shows that the flux density of the y-quanta is decreased by 
dg in the layer dr. The proportionality coefficient p is called 
the total linear attenuation coefficient. 1ts dimension is m‘' 
and numerically the coefficient is equal to the fraction of 
monoenergetic y-quanta removed from the parallel beam 
per unit length in the material. The value of p depends on 
the density and atomic number of the material as woll as 
on the energy of the y-quanta, 


p= p(p, Z, By) 


The solution of a differential equation similar to (5.6) 
was considered in Sec. 4.3. If ~, denotes the y-quantum flux 
density at the front surface of the target, the attenuation 
law for a parallel beam of monoenergetic primary y-quanta 
passing through matter may be expressed by the formula 


P (x) = Poe * (9.7) 


The value of p is equal to 1/d, where d is the thickness 
of a layer of material which reduces the y-quantum flux 
density by e = 2.72 times. For practical purposes a more 
convenient quantity is the half-value thickness d,,,. ‘This 
is the thickness of a layer of matter which reduces the flux 
density by two times. The relationship between p and d,,, 
is the same as that between the half-life and the decay 


constant, 
p = 0.693/d,, 


The total linear attenuation coefficient is proportional 
to the density of the material. If we divide p by the density 
of the material we obtain the mass attenuation coefficient 
Hm = p/p, which is measured in square metres per kilogram 
(m?/kg). This is the fraction of monoenergetic y-quanta 
removed from the beam on passage through a target layer 
thickness of 1 kg/m’. The coefficient np» depends on the 
atomic number of the material and on the y-quantum energy, 


Hm = Um (Z, Ey) 


After substituting » = pap the attenuation law (5.7) 
aagsumes the form 


@ (z) = poe 4x (5.8) 
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where M, = pr is the mass of a target of area {1 m?® and 
thickness x. 


ar = 15 m-' and densities ppp = 11 340 kg/m‘, par = 


The half-value thickness is 
for lead 


dij = 0.693/pp, = 0.693/80 ~ 8.65 x 10-° m 


for aluminium 
dy, = 4.6 x 1077 m 


The mass attenuation coefficient is 
for lead 


Bm = p/p = 80/11 340 = 7 x 10° mi/kg 
for aluminium 
Um = 9.99 X 10° m*/kg 


The mass of a lead target which reduces the beam flux 
density two times is 


of aluminium target 
May = 12.4 kg/m? 


The removal of y-quanta from a beam is due to three 
major and independent processes: to the photoelectric 
eflect, Compton effect and pair production. These effects 
involve the interaction of y-quanta with atoms, electrons 
or nuclei respectively. Consequently the total linear atten- 
uation coefficient is equal to the sum of three independent 
linear coefficients: that due to photoelectric absorption pa, 
to Compton interaction po and to pair production ppp 


= Mon + He + Mpp 
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Kach of those cueflicionts depend in their own specific way 
on the atomic number and energy of the y-quantum. 

Photoelectric effect. This is a type of interaction between 
a y-quantum and atom in which the y-quantum is absorbed 
(disappears) and an electron is ejected from the atom. Part 
of the energy of the y-quantum, 


E,, is spent in breaking the 

bond between tho electron and 

nuclous and the other part is 

imparted to the olectron as ki- Cs 

notic energy E,, (@ | 
Ey = By + eg” 


The photoelectric effect in- (Q) 
volving an electron in some nth Po ae 


atomic shell occurs only if the 
energy of the y-quantum exceeds 
the binding energy of the electron 


in the shell, e.”. If the y-quan- 
tum energy is smaller than the 
binding energy of an electron in, 
say, the K-shell but greater than 
that in the Z-shell, the photo- 
electric effect may take place in 
all shells of the atom besides 
the A-shell. 

The direction of the photoelec- 
tron is almost perpendicular to 
the direction of propagation of Fig. 5.5 Main"™modes of in- 
the absorbed y-quantum (Fig.5.5) teraction between y-quanta 
and almost coincides with the and matter 
direction of the electric inten- Gonpton ettects uct ea 
silty vector of the electromagnet- tion 
ic field. This signifies that pho- 
toelectrons are ejected from the atom by electric forces. 

Photoelectric absorption of y-quanta in an nth shell 
decreases with growth of the y-quantum energy. It is maxi- 
mum for an energy £, close to the binding energy e:"'. 
For energies Ey > e-”’ the probability for photoelectric 
absorption in the nth shell is reduced by thousands of 
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times. It might be mentioned that a free electron cannot 
absorb a y-quantum since the laws of conservation of energy 
and momentum would then be violated. 

The linear coefficient of photoelectric absorption ppp 18 
proportional to the ratio Z°/E3:5, The dependence of coeffi- 
cient pp On y-quantum energy in lead is shown in Fig. 9.6. 
It drops off rapidly with increase of the energy and for 
E,, > 10 MeV practically no photoelectrons arise in lead. 

Compton effect. The scattering of y-quanta by atomic 
electrons is called the Compton effect. The interaction 


0.1 1.0 10 Ey,MeV 


Fig. 5.6 Dependence of linear attenuation coefficient on y-quantum 
energy in lead 
p—total; pw —photoelectric absorption; 2-—Compton interaction; p — pair 
Ph Cc Pp 
production 


between the y-quantum and electron in the Compton effect 
is viewed as the collision of two elastic spheres (see Fig. 5.9) 
with masses m, = hv/c? and mg. In each elastic collision 
the y-quantum transmits part of its energy to the electron 
and is scattered. Since the scattering of the y-quanta de- 
pends on the density of the atomic electrons NV, ~ Z, the 
Compton effect is dependent on the atomic number Z of the 
material. Scattering of the y-quanta takes place mustly as 
a result of interaction with weakly bound electrons of the 
outer shells. The linear Compton interaction coefficient pe 
is proportional to Z/E,. Hence with increase of quantum 
energy the fraction of y-quanta scattered decreases. 
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In lead the Compton effect supersedes the photoelectric 
eflect at energies E, > 0.5 MeV (see Fig. 5.6). The decrease 
of the coefficient wo with increasing energy is more gradual 
than of p>, and more Compton electrons are produced in 
lead at E »y >> 0.5 MeV than photoelectric electrons. At 
energies above 50-100 MeV the Compton effect is insignifi- 
cant. 

Pair production. A y-quantum in the field of a nucleus 
may produce a pair of particles and in particular an electron 
and positron (see Fig. 5.5). The energy of the y-quantum is 
transformed into the rest energy of the electron and positron 
2m,c*, into their kinetic energy E,+, E,- and into the kinet- 
ic energy of the nucleus £,, 


hv = 2m.c? + Ee + Ee + En 


The particle pair is formed only if the y-quantum energy 
is greater than twice the rest energy of the electron which 
is 1.02 MeV. The y-quantum cannot be transformed into 
a particle pair outside the bounds of the nucleus since this 
would be a violation of the law of conservation of momen- 
tum. Conceivably a 1.02 MeV y-quantum could create an 
electron and positron but their momentum would be zero 
whereas that of the y-quantum is hv/c. 

In the field of a nucleus the momentum and energy of 
a y-quantum are distributed between the electron, positron 
and nucleus without violation of the laws of conservation 
of energy and momentum. The nuclear mass greatly exceeds 
the electron and positron masses and hence a very insig- 
nificant part of the energy is transmitted to the nucleus. 
Practically all energy of the y-quantum is transformed into 
energy of the electron and positron. 

The linear pair production coefficient pp, is proportional 
to Z? ln E,. Pair production is appreciable in heavy sub- 
stances at high y-quantum energies. The coefficient ppp 
is not zero only at energies exceeding the threshold energy 
E, = 1.02 MeV. With increase of energy ppp rapidly rises. 
Beginning at 8 MeV most of the absorption of the y-quanta 
is due to pair production. 

The total linear attenuation coefficient p is the sum of the 
three coefficients Ppp, Pc and py, and hence with increase 
of the quantum energy it decreases (see Fig. 5.6) reaching 
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a minimum at 3 MeV after which it begins to increase. 
This type of dependence is due to the fact that at low ener- 
gies » (Z,) is determined by the photoelectric effect and 
Compton effect and at energies exceeding 8 MeV the main 
contribution to p is from the pair production process. Lead 
is most transparent to y-quanta with energies of about 
3 MeV. A similar dependence of p (Z,) is also observed in 
other heavy elements. 

Energy transfer coefficient. The energy of gamma radia- 
tion interacting with matter is transformed into the kinetic 
energy of electrons and into the energy of secondary y-radia- 
tion (which includes the X-rays emitted in the photoelectric 
effect, y-quanta scattered in the Compton effect and anni- 
hilation radiation). The coefficient » may thus be expressed 
as the sum 


= a + Ms 


The coefficient yp, is called the linear energy transfer 
coefficient. It is equal to the fraction of energy of the y-radia- 
tion which is transferred to the electrons liberated in a layer 
of matter of unit thickness. The fraction of energy of the 
y-radiation which is transformed into the energy of second- 
ary y-radiation in a unit layer of matter is referred to as 
the linear scattering coefficient w,. Coefficient p, is of great 
importance in radiation dosimetry (see Sec. 5.6) since the 
absorbed radiation dose is proportional to the radiation 
intensity and coefficient p, of the material irradiated. 
The mass energy transfer coefficient for air (Table 5.1) 
varies only slightly in the 0.2 to 1.5 MeV energy range. 


Table 5.1 

Mass Energy Transfer Coefficient for Air 
ky, MeV | tam: m2/kg |} Ey, MeV | Ug, m2/ke | Ey, MeV} pay. m2/Kg 
0.05 U .384 0.40 0.296 | 4.0 194 
0 .08 0.236 0.60 0.296 6.0 0.172 
0.10 0.233 1.0 0.280 8.0 0.160 
0.4 0.254 1.5 0.256 10.0 0.153 
0. 0 .288 3.0 0.211 
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In y-radiation dosimetry complex substances are charac- 
terized by an effective atomic number Z.. This is the 
atomic number of such an element for which the energy 
transfer coefficient referred to an electron of the element 
is the same as that of the given substance. Thus the values 
of Zen for water, air and living tissues are almost the same 
and close to 7.5. 

Attenuation by distance. The attenuation of the flux 
density of primary y-quanta occurs not only as a result of 
absorption or scattering in the medium. If a point source 
is placed in vacuum the y-quantum flux density will decrease 
with increase of the distance from the source. A source is 
considered to be a point source if its size is one-fourth of 
the distance between the source and the observation point. 

Suppose a source in vacuum emits isotropically (uniformly 
in all directions) Q y-quanta per second. The total number 
of quanta should be the same at any distance from the 
source. Hence the y-quantum flux density at a distance r 
from the source, 9 (r), passing through the surface of a sphere 
of area S = 4nr? is 


g (r) = Q/4nr? 


The ratio of the flux densities at spherical surfaces with 
radii r= R and r=1 cm 


p (R)/@o = 1/R? (5.9) 


where @, is the y-quantum flux density at a distance r = 
= 1 cm from the source. With increase of the distance from 
a point source the y-quantum flux density in vacuum dimin- 
ishes as 1/R?. 

If a point source is located in a medium, attenuation of 
the flux density of a beam of monoenergetic y-quanta and 
of the intensity will also be affected by interaction of the 
quanta with the material of the medium and thus 


P (R) = @oe-#2/R? (5.10) 


Accumulation factor. The laws expressed by formulae (9.7) 
and (5.10) are valid for attenuation of the primary y-radia- 
tion. The contribution of scattered radiation to the inten- 
sity is not taken into account by these formulae. 
ge 


Y 
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Scattored y-quanta after multiple collisions with the 
electrons may loave the absorbing medium. Both primary 
und scattered y-quanta may pass through some point A 
located behind tho protective Jayor (Fig. 5.7). The total 


Protector 
Myer 


WY 


G4 
“MW sf 


Fig. 5.7 Passage of a collimated y-quantum beam through a layer of 
matter 


intensity of the radiation at point A is therefore the sum 
of the intensities of the primary J, and scattered /, radia- 
tions, 

T=I,+1, 


The ratio of the total intensity to the intensity of the 
primary radiation is called the accumulation factor B, 


It takes into account the contribution of scattered y-quanta 
to the intensity. 

The intensity and flux density of the primary radiation 
are proportional to each other. Thus from the latter rela- 
tionship and formulae (5.7) and (5.10) it follows that 


1 (R) = Bl,e-¥R/R" 


where the exponent n is zero for an extended plane source 
and two for a point y-quantum source. 

The accumulation factor is usually determined ex peri- 
mentally. It depends on the geometry of the source, on the 
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energy of the primary y-quanta, on the absorbing and scat- 
tering properties of the material and its thickness. In the 
tables the accumulation factor for a given geometry is 
usually presented as a function of the product 4S where 6 
is the thickness of the protective layer. Thus the value of B 
for lead surrounding a point source of 1 MeV y-quanta 
varies between 1.35 (u6 = 1) and 5.25 (yd = 20). 


5.6 Radiation Doses 


The personnel working in atomic stations or manipulating 
radioactive preparations can be subjected to irradiation by 
y-quanta, neutrons, electrons or other particles. The ion- 
ization produced in living tissues by the radiations evoke 
a biological effect in the human organism. 

The degree of irradiation of any material can be charac- 
terized by the absorbed radiation dose D (or briefly, radiation 
dose or simply dose). This is defined as the energy of the 
radiation absorbed by a kilogram of the material. The 
unit of radiation dose is the rad. It equals a radiation dose 
such that 1 kg absorbs an energy of 10-? J. In the SI system 
the unit of radiation dose is the gray: 1 Gr = 100 rads. 

It is practically impossible to measure directly the 
y-radiation dose in a living tissue. However the absorption 
of y-radiation in matter, including living tissues, depends 
on the effective atomic number Z,.¢. Materials which have 
values of Ze close to that of tissue are called tissue-equiv- 
alent materials. They are used to measure the y-radiation 
dose in a tissue. 

The easiest way to determine the radiation dose is tu 
measure the ionization produced in air which is a tissue- 
equivalent substance. It has been found that about 36 eV 
of the radiation energy must be expended to ionize an air 
molecule. By measuring the ionization in the air it is simple 
tu determine the radiation dose. 

Since the y-radiation dose is measured on the basis of 
the ionization it produces, in practical dosimetry the so- 
called exposure dose is usually employed. Tho unit in this 
case is the roentgen (R) which is the dose of X-rays or 
y-radiation that produces in 1 cm of air at 0 °C and a pres- 
sure of 760 mm Hg ions of une sign carrying a charge of 
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3.33 x 10-' C. Referred to the absorbed dose in air1 R 
= 0.89 rad and in living tissue 1 R = 0.93 rad. Thus 
a 1 R dose is slightly smaller than a dose of 1 rad. The expo- 
sure dose is convenient for all practical purposes since the 
ionization in air can easily be measured with an ionization 
chamber. 

The biological effect of radiation on living tissue depends 
not only on the ionization but also on the specific ionization. 
Equal doses of protons, a-particles and neutrons evoke 
a much greater biological effect than those of X-rays or 
y-radiation. 

The biological effect caused by prolonged irradiation of 
the human body is taken into account by the radiation 
quality factor Q (Table 5.2). It shows how many times the 


Table 5.2 
Radiation Quality Factor 
Type of radiation Q Type of radiation Q 
X- and y-rays 4 Neutrons with energies: 

| 5 keV 205 

Protons (Ey < 10 MeV) 10 20 keV 5 

a (E, < 10 MeV) 10 100 keV 8 

Heavy recoil nuclei 20 900 keV 10 
Thermal neutrons 3 1 MeV 10.5 
3 MeV 7.0 
10 MeV 6.5 


biological effect of some given type of radiation exceeds 
the effect evoked by y-radiation of the same dose. 

The product of the absorbed dose D for a given type of 
radiation by the quality factor Q is the equivalent dose, 


The unit of the equivalent dose is rem (roentgen equivalent 
man) which is defined as the amount of radiation that causes 
the same biological effect as a dose of 1 rad of X-rays or 
y-radiation. 

The radiation dose referred to a unit time is called the 
dose rate. If the dose conveyed tu the medium during a period 
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of time from t, to ¢, is D, the moan dose rate will be 
W = Di(ty — ty) 


The biological effect of radiation on organisms also 
depends on the dose rate. For identical radiation doses the 
biological effect is the greater the smaller the time interval 
t, — t,. Because of this not only the radiation dose but the 
dose rate as well are monitored in nuclear energy installa- 
tions. 

A maximum permissible dose (MPD) has been set up for 
personnel working in an irradiation field. It has been chosen 
so that the annual level of uniform irradiation over a period 
of 50 years does not evoke any unfavourable changes in the 
health of the irradiated person or in its progeny. This 
condition has led to a MPD of.5 rem/year or 100 mrem per 
working week. 

The maximum permissible dose rate 


Wp = 100/¢ mrem/h 


where ¢ is the length of the working week in hours. If ¢ = 
= 36 h then Wap = 2.8 mrem/h. 

The maximum permissible doses for internal irradiation 
have been chosen on the same basis as those for external 
irradiation. The biological effect of an internal source 
depends on the chemical properties of the material of the 
source, on its half-life, type of radiation emitted and energy 
of the radiation. The chemical properties affect the distri- 
bution of radioactive atoms in the organism and the time 
required for their discharge from the organism. Mean annual 
permissible concentrations (APC) of radioactive substances 
in the air in working rooms, in outside air or in water have 
also been established. The APC predetermine the annual 
maximum permissible uptake (MPU) of radioactive sub- 
stances by the human body. If the concentration of radioac- 
tive substances in the air of a working room is constant, 
the MPU (pCi/y) and APC (Ci/l) are related by the formula 


MPU -= 2.5 ~% 10" APC 


The APC depends on tho properties of the radioactive 
substance. Thus for #*Pu and “I the APC in working 
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rooms are 4.7 \ 410°" and 4.0 x 10-' Ci/l respectively, 
In the outside air and in water the APC is smaller by severa| 
orders of magnitude than that accepted for working rooms. 

In order to lower the radiation dose to the MPD, radia- 
tion protection is employed. For this purpose a protective 
shield is used. The shield is made of substances which 
strongly absorb radiations. Radioactive substances in the 
air are removed by the ventilation system. 


5.7 Characteristics of y-Radiation Sources 


After a- and f-decays of radioactive substances the 
product nuclei may be in the excited state. Such substances 
are sources of y-radiation (y-sources). Gamma sources are 
characterized by their half-lives, activities and y-quantum 
spectra (y-spectra). The latter are discrete (line) spectra. 
The number of lines in a spectrum may vary between one 
and several dozens. Thus about 50 lines are observed in the 
y-spectrum of 7*6Ra in radioactive equilibrium with its 
major decay products. In most complex y-spectra a few 
lines are particularly intense. In the 7**Ra y-spectrum, for 
example, six such lines with energies between 0.3 and 
1.76 MeV are observed; in the **Na spectrum there are two 
intense y-lines with energies of 1.37 and 2.75 MeV. 

The sizes d of y-sources are usually small. At distances 
r > 4d the y-source may be regarded with sufficient accuracy 
as a point source and its size d may be neglected in various 
problems. Moreover point y-sources are isotropic sources 
which emit y-quanta in various directions with an equal 
probability. 

The radioactive substance is contained in an air-tight 
ampule with metal walls which alter the spectrum of the 
y-rays. The walls and also materials used specially for 
absorption of part of the y-lines are called filters. 

The exposure dose rate in air produced by an_ isotropic 
point source can be characterized by its ionization y-constant 
K,. The gamma constant is the exposure dose rate (K/h) 
of unfiltered y-radiation from an isotropic point yp source 
of activity of 14 mGi at a distance of t cm from the souree. 
K, is measured in Reem/h-e mCi. [t can be determined 
from the decay diagram of the radioactive nucleus or mea- 


lonizing Radiat/ons and Matter 121 


sured experimentally and is usually presented in the man- 
uals (Table 5.3). 

Filtering of y-radiation reduces the value of Ky to a cer- 
tain A, (5), where 6 is the filter thickness. The change 


Table 5.3 


lonization y-Constants and y-Equivalents of Some 
Radioactive Substances 


R-cm2 m i of 1 mCi of 
Substance Ti/2 Ky, tomer ” He tal aged Ra 
24Na 14.9 h 18 .55 2.20 
80Co 5.27 y 12.93 1.54 
76Se 127 d 1.84 0.23 
134.5 2.2 8 .58 4 .02 
226Ra 1622 y 9 .36 4.44 


in K, is taken into account in calculations by a correction 
factor x which is less than one, i.e. K, (5) = xK,. For 
lead, iron and aluminium capsules of 0.1-0.3 cm thickness 
the value of x varies between 0.85 and 0.98 for y-quantum 
energies E,, > 1 MeV. The values of K,, cited in the manuals 
in the case of unfiltered radiation overestimate the dose and 
thickness of the protective shield. 

Calculation of the exposure dose rate at a distance r from 
an unprotected point y-source W (R) is considerably simpli- 
fied by using K,. Since the y-radiation intensity, according 
to formula (5.9), is proportional to 1/R?, we get 


W (R) = aK,/R? (5.14) 


where W (A) is the exposure dose rate in R/h, a is the 
y-source activity in mCi and R is the distance from the 
y-source in cm. 

In dosimetry y-sources are frequently compared on the 
basis of the ionization they produce in air. Two radioactive 
substances which produce under identical measurement 
conditions equal exposure douse rates are said to have equal 
y-equivalents. The y-equivalent is measured in milligram 
equivalents of radium (mg-eq Ra). This unit is equal to the 
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amount of radioactive substance whose y-radiation for the 
given filtration and identical measurement conditions pro. 
duces the same exposure dose rate as the y-radiation from 
a milligram of radium does on passing through a 0.5 mm 
thick platinum filter. 

The exposure dose rate due to a point source with a y-equiv- 
alent of 1 mg-eq Ra at a distance of 1 cm is 8.4 R/h. The 
y-equivalent of a substance, m (mg-eq Ra), is related to 
its activity a (mCi) and K, (R-cm?/h-mCi) by the formula 
m == aK,/8.4. Substituting aK, = 8.4m into formula (5.11) 
we get 


W (R) = 8.4m/R? (5.12) 


where W (R) is the exposure dose rate in R/h, m is the 
y-equivalent of the substance in mg-eq Ra and A is the 
distance from the source in air (in cm). 


Example. At what distance R from a Co point source 
with a mass 10~-® g is the dose during a 6 hour working day 
equal to the MPD? Calculate the y-equivalent of the mate- 
rial. 


According to formula (1.1) the number of atoms in 10~-° g 
of Co is 


N= —— <x 6.02 x 102®=1.0 x 10!® atoms 


The activity of cobalt (T,;, = 9.27 years) 


().693 1.0 x 1016 


a=WN =r R150 BT hoT 118 mCi 


The maximum permissible dose rate for a six hour working 
day Wy, = 2.8 x 10° rem/h. Since Ky, (Co) 
R~ VaKy/Wayp -= W113 & 12.93/2.8 x 1073 = 72 em 
The y-equivalent of the radioactive substance 


m = aK,/8.4 = 1.13 x 12.93/8.4 @ 1.74 mg-eq Ra 
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5.8 Calculation of Protective Shields 
for Point -Sources 


The exposure dose from a point y-source can be reduced 
to the MPD by various ways: by increasing the distance 
between the source and working site, by enclosing the 
source in a protective shield, by reducing the working 
time etc. 

It is quite easy to calculate the thickness of a protective 
shield for a given degree of attenuation by using suitable 
universal tables or the data in handbooks on radiation pro- 
tection. An example of the table used is Table 5.4. 


Table 5.4 
Thickness of Protective Shields, cm 
Lead Iron Concrete 
(p=11.34 g/cm3) (p=7.89 g/cm3) (9=2.3 g/cm3) 
Attenua- for E.,,= for Ey= for E.= 
tion ra- 
tio Ko 
1 MeV | 2 MeV| 3 MeVi1 MeV! 2 MeV| 3 MeV/1 MeV] 2 MeV! 3 MeV 
2 1.3 2.0 2.1 3.3] 3.9 4.4] 12.9] 14.4] 15.3 
10 3.8 5.9 6.5 8.5 | 14.0 | 12.2 29.9} 37.7 43.4 
102 7.0 | 14.3 | 12.2 | 14.5] 19.5 | 22.14 | 50.5] 65.7] 77.5 
108 10.2 | 16.5 | 18.0 | 20.5 | 27.5 | 31.7 70.4} 92.7) 140.9 
104 43.3 | 21.3 | 23.5 | 26.0] 35.5 | 40.9 89.2 | 118.6] 143.2 
10° | 16.5 | 26.2 | 28.9 | 31.5 | 43.2 | 50.0 | 106.8 | 144.4| 173.8 
10° | 19.5 | 31.0 | 34.3 | 37.0 | 50.6 | 58.8 | 124.4]171.4| 205.4 


The attenuation ratio Ay shows how many times the 
measured or calculated exposure dose rate W must be reduced 
in order to obtain a given exposure dose rate W,, 


Ky = W/W, 


For a given attenuation ratio the thickness of the protec- 
tive shield can be determined by means of universal tables 
such as Table 5.4. 

The thickness of a protective shield is frequently expressed 
in kilograms per square metre, 


5m = pb (5.13) 
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Example. Calculate the thickness of a load shield required 
to obtain maximum permissible working conditions from 
a “Co point source (y-equivalent m = 400 mg-eq Ra) at 
a distance of 1 metre from the source, the duration of the 
working week being 30 hours. 

According to formula (5.12) the exposure dose rate 


W = 8.4m/R? = 8.4 x 400/104 = 0.336 R/h 
The maximum permissible dose rate 


W mp = 100/¢ = 100/30 = 3.3 mrem/h 
The attenuation ratio 


Ky = W/Wmp = 336/3.3 = 100 


For Co the y-quantum energy is about 1.25 MeV. By 
interpolating the data in Table 5.4, a thickness 6 ~ 8.1 cm 
fur the protective shield is obtained. 

From formula (5.13) we obtain for the thickness 


5m = 11.34 x 8.1 ~ 92 g/cm? = 9.2 kg/m? 


The thickness of a protective shield can also be determined 
from the half-value layer d,,;,. This is the shield thickness 
which halves the exposure dose rate. The value of d,/, 
varies with the thickness of the shield since both primary 
and scattered y-rays contribute to the exposure dose rate. 
With increase of the shield thickness d,,, first grows and 
subsequently starts to drop off. For approximate calcula- 
tions of the shield thickness the mean value d,,/, is frequently 
used. For 22®Ra and ®Co sources the d,,/, value for lead is 
1.3 cm, for iron 2.2 cm and for concrete 6.9 cm. 

A thickness corresponding to one half-value layer reduces 
the exposure dose rate by two times, two half-value layers 
by 2? = 4 times and n layers by 2" = Ky times. Thus 
in order to reduce the dose rate AK, times the number of 
half-value layers in the shield thickness is 


n = log K,/log 2 + 3.32 log Ky 
The thickness of the shield is therefore 


b= nd ya 
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Example. Find the thickness of the lead shield in the 
previous example assuming that the half-value layer for 


lead dyjy = 1.3. cm. 
The number of half-value layers 


n = 3.32 log 107 = 6.64 
and hence the thickness of the lead shield 
8 = ndqj2=6.64 x 1.3 = 8.62 cm 


CHAPTER 6 


MEASUREMENT OF IONIZING 
RADIATIONS 


6.1 lonization Methods for Measurement of Radiations 


The interaction between radiation and matter is accom- 
panied by a number of effects such as the formation of ions, 
emission of photons and liberation of heat. All these effects 
can be used to detect radiations, measure the particle flux 
density or intensity and the radiation spectra. The operation 
of many measuring devices (detectors) is based on the ability 
of radiations to ionize molecules. Each ion pair produced by 
the radiation in the detector consists of a positive molecular 
ion and an electron. The ionization produced by the radia- 
tion is called the primary ionization. Charged particles 
directly ionize molecules. Gamma quanta, on the other 
hand, first eject electrons from the molecules in the photoet- 
fect or impart energy to Compton electrons or produce 
electron-positron pairs and these electrons subsequently 
produce the ionization in the detector. By measuring the 
charge in the detector one can study the properties of the 
radiation passing through the detector. 

The detectors most commonly used are ionization cham- 
bers, proportional counters and Geiger-Muller counters. The 
operation and design of these detectors are similar. Essen- 
tially they consist of a container with two electrodes to 
which an electric voltage is applied. The space between the 
electrodes is filled with a dry gas. 

To illustrate the operation of gas-filled detectors we 
shall consider the operation and circuit of a flat ionization 
chamber. This detector is a parallel-plate capacitor in which 
a potential difference U is applied to the plates (Fig. 6.1). 

Dry gas is a good insulator. However irradiation of the 
gas considerably alters the conductance. The radiation 
ionizes the molecules and the gas acquires tho ability to 
conduct an electric current. This closes the electric circuit 
and a current can pass through it. The current can be mea- 
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sured directly with a micruammeter (Fig. 6.1a) which 
indicates the mean current flowing through the detector. 
Detectors operating under such conditions are called current 
detectors. 

If it is desirable to record each particle separately then 
pulse detectors are employed. They are connected to circuits 
which permit pulses from the detector to be measured. 
A particle makes the gas a conductor over a short period of 


Fig. 6.1 Connection of a flat ionization chamber for current (a) or 
pulsed (b) operation 


1—particle beam; 2—ionization chamber, 3—microammeter; 4—amplifer; 
5—recorder 


time. The voltage on a load resistance R changes (Fig. 6.1b). 
The voltage pulse is fed to an amplifier which increases the 
amplitude of the pulse by hundreds or more times. The 
amplified pulse then enters the recording system (or register). 
The pulse counting rate (number of pulses recorded per 
unit time) is a measure of the particle flux density in the 
detector. 

Pulse detectors can also be used to measure the energy 
spectra of particles. In some detectors the amplitude of the 
voltage pulse on the load resistance is proportional to the 
particle energy provided the particle is stopped completely 
in the detector. From the amplitude distribution of the 
pulses one may determine the energy distribution of the 
particles. 

In some experiments it is necossary to separate a certain 
phenomenon from the rest (e.g. to determine the direction 
of a fast particle). In such causes coincidence circuits are 
used. The outputs of two detectors are connected to the 
circuit. If » particle passes through both detectors simulta 
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neously a voltage pulse is sent to the register. In the anti- 
coincidence circuits the pulses from two detectors are also 
accepted however the circuit is triggered only if a voltage 
pulse arrives from only one of the detectors. 


6.2 Volt-Ampere Characteristic of a Gas Discharge 


The passage of an ionization current through a gas-filled 
detector (gas discharge) depends on the properties of the 
gas, on the magnitude of the voltage applied and on the 
shape of the electrodes. The main characteristic of a gas 
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Fig. 6.2 Volt-ampere characteristic of a gas discharge 


discharge is the dependence of the current J on voltage U’ 
for a constant radiation intensity in the detector—the 
volt-ampere characteristic (Fig. 6.2). With increase of the 
voltage the current initially rises, then for a certain range 
of voltage remains constant and finally begins to increase 
again. 

eet us analyze the cause of such behaviour. Since there 
is an electric held in the gas between the electrodes the 
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ions move to the oppositely charged electrodes. The ion 
velocity v is proportional to the electric field strength £, 
v = UE. The proportionality coefficient u is called the lon 
mobility. Numerically it is the ion velocity (m/s) for a unit 
field strength FE = 1 V/m and is measured in m?/s-V. The 
ion mobility is a characteristic of the gas filling. The higher 
the ion mobility of a gas the faster the charges are collected 
at the electrodes. Molecules of electronegative gases, such 
as the halogens, attach electrons in collisions and form 
negative ions. In such gases the mobility of both the positive 
and negative ions is of the order of (1-10) ~ 10-* m*/s-V. 
Atoms of electropositive gases (argon, helium etc.) do not 
attach electrons. The negative ions in such gases are elec- 
trons whose mobility may reach 1.5 m?/s-V. Due to the 
large difference in the mobilities electrons are first collected 
at the anode (which is also called the collecting electrode) 
during a short time interval of about 10-7 s. Afterwards the 
slower heavy ions begin to be collected, the positive ions 
at the cathode and the negative at the anode. 

At low voltages the velocity of directional movement of 
the ions is low and does not affect significantly the move- 
ment of the ions. Random thermal motion of the ions is 
predominant in this case. Two phenomena—recombination 
and diffusion of the ions, occur as a result of the numerous 
collisions between the ions and molecules. 

Collisions between electrons and positive ions at low 
speeds may result in ion recombination, i.e. in the forma- 
tion of neutral molecules. The recombination rate depends 
on the ion density in the gas. The higher the density of the 
electrons, positive ions and molecules the higher the recom- 
bination rate. However with increase of ion velocity the 
time of interaction between them decreases and hence ion 
recombination becomes less frequent. 

The density of the ions produced by radiation is not 
uniform throughout the gas volume. Jt is higher in some 
parts and lower in other. Due to this difference in density 
and to the thermal motion the ions move from points of 
higher density to those of lower density. This type of move- 
ment of ions in the gas is termed ion diffusion. 

Recombination and diffusion of ions reduce the current 
in a detector since not all of the ions reach the electrodes. 
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Of the two phenomena ion diffusion exerts the least effect 
on the gas discharge. 

With increase of voltage applied to the electrodes the 
diffusion and recombination decrease and the amount of 
charges reaching the electrodes increases. At a certain 
voltage all primary ions are collected by the electrodes. 
Further increase of the voltage then does not affect the 
current. The current is saturated and is correspondingly 
called the saturation current I,. 

In the region of saturation elastic scattering of the ions 
by the gas molecules takes place. The kinetic energy con- 
veyed to the ions by the electric field is still insufficient to 
ionize the molecules. However at a certain voltage (boun- 
dary of the saturation region) the mobile electrons are 
accelerated between two collisions to such a kinetic energy 
which is sufficient for ionization of the gas molecules. 
This type of ionization is called secondary ionization. In fur- 
ther collisions the electrons ionize other molecules etc. 
An avalanche type of ion formation occurs. The additional 
ions formed in the gas in this manner lead to an increase 
of the current which is the greater the higher the voltage. 
This phenomenon is called gas amplification. It is character- 
ized by the gas amplification factor k equal to the ratio 
of the charge collected at the electrode to the primary charge. 

In the current saturation region k = 1. With further 
increase of the voltage U the coefficient k sharply rises 
and in a certain range depends only on the voltage. This 
signifies that to each value of U there corresponds a certain 
value of & and that the final charge is proportional to the 
primary charge at the given value of U. The voltage region 
in which k is independent of the primary charge is the 
proportional region. At the end of the proportional region & 
may acquire a value of 10° to 104. 

Following the proportional region is the region of limited 
proportionality. The gas amplification factor in this region 
pod ag on both the voltage and magnitude of the primary 
charge. 

In a region of sufficiently high U the gas discharge ceases 
to depend on either the primary charge or on the type of 
radiation. The formation of only one ion pair in the gas 
is now sufficient for initiation of the discharge. This is 
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the Geiger region of voltage. A gas discharge arising in 
the Geiger region cannot cease spontaneously and must be 
quenched by any of the suitable methods which will be 
discussed later. The Geiger region terminates in the region 
of self-sustained gas discharge. : 

Ionization chambers operate in the first voltage region 
and in the saturation region. This range of voltages is 
also called the ionization chamber region. Proportional 
counter operate in the proportional region and Geiger- 
Muller counters in the Geiger region. 


6.3 lonization Chamber 


The ionization chamber is one of the most commonly 
used detectors. It can be employed for measurement of any 
type of radiation. Depending on their design ionization 
chambers are divided into flat, cylindrical and spherical. 

In the flat chamber the electrodes (plates) are separated 
by the gas and enclosed in a container. The voltage leads 
to the electrodes are isolated from the container by mate- 
rials with a high resistance of 109-10" ohms (amber, polyethy- 
lene, textolite, Getinaks etc.). An homogeneous electric 
field of strength E = U/d is produced in the space between 
the plane electrodes to which a voltage U is applied (d is 
the distance between the plates). Homogeneity of the electric 
field is violated near the edges of the plates (edge effect). 
In these parts of the chamber the electric field is weaker. 
The fraction of ions collected at the electrode from the 
edge regions is smaller than that from the central regions. 
This is one of the shortcomings of flat chambers since it 
becomes difficult to determine the operating volume, i.e. the 
volume contributing primary ionization charges to the 
electrodes. 

The resistance of insulators employed in the experiments, 
R, does not ordinarily exceed 10% ohms. If the current 
in the chamber is 10-"° A, that flowing through an insulator 
with R = 10'S ohms at U = 200 V is 


I= U/R=2x10"A 


The measuring instrument will record a current 1.2 
x 107 A and hence the orror in measuring the primary 
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ionization will be 20%. Accordingly the voltage applied 
to the eloctrodes of flat chambers is usually chosen near 
the beginning of the saturation region. 

One of the major characteristics of a detector is its sensi- 
tivity. This is the minimum primary ionization which the 
detector can measure. The sensitivity of a chamber can be 
increased either by increasing its volume or the gas pressure. 
In the first case the path length 
of a charged particle in the cham- 
ber is enhanced whereas in the 
second the range of a charged parti- 
cle is decreased. In both cases the 
number of ion pairs formed by the 
particle in the chamber is higher 
and the current is larger. Flat cham- 
bers can be employed to measure 
currents as low as 10-12 A. The 
sensitivity of large chambers is lim- 
ited by the currents induced by 
cosmic rays, radioactive contami- 
nations etc. 

Another important characteristic 
of a detector is its efficiency. This 
is the ratio of the number of parti- 
cles recorded by the detector to the 
total number of particles entering 
Fig. 6.3, Cylindrical ion- the detector. The efficiency depends 

ization chamber on the type and construction of the 

1 microammeter: +e detector and on the properties of 
container; 5—collecting the particles. 

electrode ‘ < ged: 8 . 

A cylindrical ionization cham- 

ber (Fig. 6.3) consists of a hol- 

low air-tight cylinder with a metal rod along the axis 

which is the collecting electrode. A high voltage is applied 

to the collecting electrode and the cylindrical container is 

grounded. Sensitive cylindrical chambers measure currents 

down to 10-13-40-!5 A. To make the leakage currents much 

below 10-15 A the high voltage is applied to both the collect- 

ing electrode and a guard ring arranged in the middle of the 

electric insulator. The potential difference between the 

collecting electrode and guard ring is almost zero and hence 
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the major part of the leakage current flows from the guard 
ring to the containor without passing through the microam- 
moter. The prosonce of a guard ring considerably lowers the 
demands on tho insulating materials and increases the 
accuracy of the measurements. 

Finally, tho last type of ionization chambers is the spher- 
ical chambor. The container is made of metal (aluminium, 
copper, steel), Tho collecting electrode is a small metal 
ball located at tho contro of the chamber. The voltage is 
applied to the ball via a glass insulator. a 

Deponding on their purpose and construction ionization 
chambers may work in a pulse or current regime. Pulse 
chambors are employed for recording single heavy charged 
particles (protons, a-particles, fission fragments etc.). The 
specific ionization of light particles (electrons, positrons 
etc.) is comparatively low and they cannot be recorded 
officiently by pulse chambers. 

Pulse detectors are characterized by their resolving time 
t,. It is defined as the minimum time interval between 
pulses during which each pulse from the load resistance can 
be recorded. Knowing the resolving time one can easily 
calculate the resolving power of a pulse detector, NV, = 
=: {/t,. The resolving power is the maximum number of 
particles which the detector can record per unit time. 

Current chambers are used to moasure the average inten- 
sity of various types of radiation. The intensity is propor- 
tional to the mean current flowing through the chamber. 


6.4 Proportional Counters 


The voltage pulses produced even in the most sensitive 
ionization chambers are so small that high-gain amplifiers 
are needed to record them. An advantage of proportional 
counters as compared to ionization chambers is that the 
primary ionization is amplified within the counter itself. 
Since the gas amplification factor k in the proportional 
region may reach 10-108, the voltage pulse amplitude for 
a given primary ionization in a proportional counter will 
exceed that from an ionization chamber by k times. Conse- 
quently much simpler amplifier circuits may be employed 
in conjunction with proportional counters, , 
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Proportional counters aro dosigned in such a way as to 
obtain a high gas amplification factor in a small size Counter 
at low voltages. Cylindrical counters have been found to be 
the most suitable for this (Fig. 6.4). It consists of a cylin- 
drical case which is the cathode and a motal wire, stretched 


Fig. 6.4 Cylindrical counter 
1—collecting electrode; 2—guard ring; 3—insulator; 4-—-counter body 


along the axis, which is the collecting clectrode. A high 
voltage is applied to the collecting electrode and the coun- 
ter body is grounded. 

The electric field between tho electrodes in a cylindrical 
counter is not uniform. The field strength FE varies inversely 
proportional to the distance r from the counter axis in 
accordance with the law 


u 4 
E=7(Rlay 7 (6.1) 


where A is the radius of the counter body, a is the radius 
of the collecting electrode and U is the voltage applied to 
the electrodes. 

After passage of a charged particle through the counter 
the mobile electrons move toward the collecting electrode. 
Far away from the collecting electrode the field strength 
E is not great and the electrons experience elastic collisions 
with the gas molecules. In this region the interaction be- 
tween the electrons and gas molecules is similar to that in 
ionization chambers. However in a small space surrounding 
the wire, which is called the critical space, the field strength 
F rapidly rises. In the critical space the energy of the accel - 
erated electrons exceeds the threshold energy F yy at which 
molecule ionization begins. [It is in this space that = gas 
amplification of the charges occurs and an electron avalanche 
strikes the collecting electrode, 
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High values of & can be obtained by applying a voltage 
U > 1000 V. The diameter of the wire varies between 0.05 
and 0.3 mm. The upper limit of the wire diameter is chosen 
so that the applied voltage will not be unnecessarily high. 
The lower limit is determined by the fragility of the wire. 
Collecting electrode wires are usually made of tungsten or 
steel. The surface is polished since even small roughnesses 
may strongly distort the electric field near the wire surface. 
The counter is filled with a gas to a pressure of 50-760 mm Hg. 
With decrease of pressure the electron path in the gas 
increases and hence the energy imparted to the electrons 
by the electric field increases. Thus at lower pressures gas 
amplification sets in at lower voltages. 

The highly mobile electrons are collected at the anode 
in about 10-7 s. During this short time the heavy positive 
ions in the critical space do not move significantly. They 
form a positively charged sheath around the wire in that 
part of the critical region in which the particle has passed. 
The positive ions appreciably weaken the electric field 
strength in the critical space during a time tq called the 
dead time of the counter. 

No significant gas amplification takes place in the weak 
electric field during tg. Therefore if a second charged par- 
ticle passes through the proportional counter during a time 
ty the pulse amplitude on the resistor R will be smaller 
than the sensitivity threshold of the amplifier and the 
voltage pulse will not be recorded. In proportional counters 
the dead time tg > 10-° s. 

On approach of the positive ions to the cathode the 
potential difference in the critical space tends to its initial 
value. After a certain time t, the gas amplification factor 
becomes sufficiently large for the pulse amplitude on the 
resistor R to exceed the sensitivity threshold of the ampli- 
fier and a new particle may now be recorded. Conditions 
in the counter are completely restored after the positive 
ions are neutralized at the cathode. The time t,, reckuned 
from the end of the dead time during which the counter 
properties are restored is called the recorery time. In  pro- 
portional counters t,. ~ 10-§ sg. 

The resolving time of a counter t, depends on ty and 
on the threshold sensitivity of the amplifier. For propor- 
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tional counters t, > 10-5 s and the resolving power N, < 
< 10° counts per second. 

The filling gas affects the course of the gas discharge 
in a counter. If the gas is electrically negative (O,, Cl, 
etc.) the collecting time of the negative ions will be longer 
and the resolving power of the counter will be low. Therefore 
electrically positive gases are preferred (argon etc.). Such 
gases ensure rapid collecting of electrons at the anode. 

However if the counter is filled with pure argon additional 
avalanches may occur. On striking the cathode argon ions 
may expel electrons from the metal and produce excited 
argon atoms. On transfer to the ground state these atoms 
emit photons in a broad energy range. Ultraviolet photons 
may eject electrons from the counter body (anode) and the 
photoelectric electrons cause a gas discharge in the gas 
(afterdischarge). This lowers the quality of the counter. 

Two methods are used to quench afterdischarges. Depend- 
ing on the method used proportional counters are divided 
into non-self-quenching and self-quenching counters. Non-self- 
quenching counters are filled with helium, argon or other 
electropositive gases which do not quench the afterdischarges. 
These secondary effects are therefore removed by exter- 
nal means. The simplest consists in connecting a load 
resistor in series with the voltage source and counter elec- 
trodes. If the resistance is not smaller than 10° ohm the 
voltage at the anode will appreciably decrease during 
10-8-10-2 s. During this large period of time the excited 
atoms disappear in the gas and no afterdischarges arise. 
Non-self-quenching counters can work over long periods 
of time but their resolving time is large and may reach 
10-? s. 

Self-quenching counters are filled with a mixture of argon 
atoms and molecules of a polyatomic gas (alcohol, methane 
etc.). The concentration of the latter molecules in the 
mixture is about 10-15%. Polyatomic gases are good ultra- 
violet absorbers, A molecule of a polyatomic gas colliding 
with an argon ion readily transfers an electron to the atom 
and thus neutralizes it. At the cathode the heavy molecular 
ion extracts an electron from the metal and is transformed 
into an excited molecule. The lifetime of such excited 
molecules with respect to dissociation into the component 
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atoms is a hundred times shorter than the photon emission 
time. The result is that the excitation energy of almost 
all of the molecules is spent in dissociation and not in 
photon emission. 

The service life of a proportional counter is measured by 
the number of particles it can record. In non-self-quenching 
counters the gas discharges do not change the composition 
of the filling gas. The service life of non-self-quenching 
counters is therefore determined by design shortcomings 
(such as violation of air-tightness of the counter container 
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Fig. 6.5 Counting characteristic of a proportional counter 


etc.). In self-quenching counters the registration of a single 
particle involves the dissociation of approximately 105 
polyatomic molecules. Since there are not more than 102° 
polyatomic molecules in the filling gas a self-quenching 
counter can record only about 10" particles and this deter- 
mines the service life of the counter. 

One of the main characteristics of a proportional counter 
is its counting characteristic (Fig. 6.5). This is the depen- 
dence of the counting rate on voltage applied to the elec- 
trodes for a constant radiation intensity in the counter and 
a given sensitivity threshold of the amplifier. Between 
voltages U, and U, the counting characteristic is almost 
horizontal (this part is called the plateau), i.e. the counting 
rate is constant. The pulse amplitude is proportional to the 
primary ionization which depends on the direction of motion 
of the particle in the gas. The path lengths of the particles 
in the gas depend on their direction and because of this 
there is a spread of pulse amplitudes. Tho greater the ampli- 
tude spread the higher is the boundary voltage W,. For 
a given sensitivity threshold of the amplifier the magnitude 
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of U, depends on the nature of the radiation. The value 
of U, is smaller for a-particles than for B-particles since 
the specific ionization of B-particles in a gas is much smaller 
than that of a-particles. If the threshold of the amplifier 
is reduced Uy will be shifted toward smaller values. 

The plateau is slightly inclined with respect to the voltage 
axis. The slope of the plateau is characterized by the rela- 
tive change in the counting rate per 100 volts. It is approxi- 
mately 0.1% per 100 volts and is due to gas discharges 
induced by particles from extraneous sources. 

Proportional counters are operated at voltages corres- 
ponding to the plateau. They are émployed for registration 
of charged particles and neutrons and also for measuring 
the energy spectra and activity of radiation sources. 


6.5 Geiger-Muller Counters 


In practice the region of limited proportionality is not 
used in work with gas-filled counters. The gas amplification 
factor in this region depends on the voltage and on the 
primary ionization which makes the counter inconvenient 
for recording radiations. 

Gas-filled counters operating in the Geiger region are 
called Geiger-Muller counters after the inventors. In design 
they do not differ significantly from proportional counters. 
However, the applied voltage is higher and as a result the 
critical region is broader and the gas amplification factor 
may increase up to 10°. The Geiger-Muller counter is 
therefore the most sensitive of gas-filled detectors. Large 
voltage pulses with amplitudes up to 00 V are produced by 
the counters. 

An enormous number of ions and excited molecules is 
formed during avalanche multiplication of electrons. Intense 
ultraviolet’ radiation is emitted by the excited molecules 
and photvelectrons are expelled both from the metal of the 
cathode and from the molecules of the gas. The photo- 
electrons induce new electron avalanches and the gas dis- 
charge rapidly occupies the whole volume of the counter. 

A dense sheat of positive ions is formed around the anode 
after collection of the electrons. The field) strength near 
the anode is correspondingly reduced, [n effect the diameter 
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of the anode becomes equal for a certain period of time to 
that of the critical volume. The voltage applied to the 
electrodes is therefore insufficient for avalanche multipli- 
cation of electrons to take place. The positive ious are 
neutralized at the cathode and during this process they emit 
ultraviolet radiation which ejects electrons from the cathode 
metal. About 10- s after the beginning of the discharge 
afterdischarges arise in the counter. They are quenched in 
the same way as in proportional counters, i.c. by employing 
external circuits or adding polyatomic molecules to the 
filling gas. 

The dead time, recovery time and resolving time of 
Geiger-Muller counters are close to 10-* s. 

The service life of self-quenched Geiger-Muller counters 
is not very long. Not more than 10° alcohol molecules are 
added to the filling gas. About 101° of them are dissociated 
in each discharge. Thus not more than 10" charged particles 
can be recorded. 

The service life of self-quenched counters can be increased 
by filling them with an inert gas (neon, argon) and a small 
admixture of a halogen element (chlorine, bromine). Coun- 
ters with such mixtures are called halogen counters. 

The diatomic halogen molecules readily transfer one of 
their electrons to the inert gas ions with which they collide 
and become positively charged ions. On neutralization at 
the cathode the pusitive halogen ions are converted into 
excited molecules which dissociate into their constituent 
atoms. 

The halogens thus play the role of the quenching gas. 
In contrast to the atoms of other quenching gases the halo- 
gen atoms recombine into molecules during the collisions. 
The amount of quenching molecules in the counter thus 
remains constant. 

The halogens are chemically active substances. This 
limits the choice of materials which can be used for the 
counter body. Whereas aluminium, glass or copper may 
be used in ordinary counters, stainless steel is the material 
usually used to build the bodies of halogen counters. 

The shape of the counting characteristic of Geiger-Muller 
counters is similar to that of proportional counters. Up to 
the threshold (boundary) voltage U, the counter operates 
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in the region of limited proportionality. The pulse ampli- 
tude still depends on the primary ionization. The external 
circuit records only those pulses whose amplitude exceeds 
the sensitivity threshold of the amplifier. With increase 
of the voltage the amplitudes of all pulses become larger 
and the counting rate increases. At voltages exceeding the 
threshold value U, all particles produce pulses with ampli- 
tudes exceeding the sensitivity threshold of the external 
circuit and all of the pulses are recorded. 

The threshold voltage depends on the nature of the filling 
gas. The lowest threshold voltage (350-400 V) is observed 
in halogen counters filled with neon and an admixture of 
argon (0.1%) and a halogen (0.1%). Counters with other 
filling gases operate at 800-1300 V. 

The plateau of the counting characteristic of Geiger- 
Muller counters is the same for all types of radiation since 
the pulse amplitude is independent of the primary ioni- 
zation. The length of the plateau may reach several hundred 
volts. The slight slope of the plateau is caused by spurious 
counts not related to the particles under investigation. The 
spurious counts may be due to electrons expelled from the 
cathode by the electric field or by photons. With increase 
of voltage the number of spurious pulses also increases and 
the counting rate increases by 3-4% per 100 volts. 

The presence of a plateau in the counting characteristic 
renders the Geiger-Muller counter a convenient detector. 
If the working voltage of the counter is chosen somewhere 
near the middle of the plateau the counting rate will be 
stable. Small random variations of the voltage applied 
to the electrodes will not affect the rate significantly. 

At the end of the plateau the counting rate begins to 
increase rapidly. At voltages above U, spontaneous dis- 
charges begin to dominate. Prolonged operation of the counter 
in the spontaneous discharge region may spoil the coun- 
ter. 

Geiger-Muller counters are employed for measurement of 
y-quanta, B- and a-particles. The pulse amplitude is so 
large that in some cases amplifiers are not used and the 
pulses are fed directly to the recorder. Equipment involving 
Geiger-Muller counters is therefore ordinarily simple and 


portable. 
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6.6 Scintillation Counters 


The energy of fast particles is expended in ionization 
and excitation of the molecules of the medium. In the 


scintillation technique it is the 
excited molecules which produce 
the signals to be recorded. In 
some transparent substances called 
phosphors part of the radiation 
emitted by the excited molecules 
lies in the visible region. The tran- 
sit of the phosphor by a particle 
may be accompanied by a light flash 
(scintillation). The ratio of the light 
energy emitted by the phosphor to 
the absorbed energy of the parti- 
cle is the conversion efficiency of the 
phosphor (scintillator). 

A scintillation counter consists 
of two main parts (Fig. 6.6), the 
scintillator and photoelectric mul- 
tiplier. A small amount of an ac- 
tivator is introduced into the scin- 
tillator to increase the conversion 
efficiency. The activating substance 
is usually denoted in parenthesis af- 
ter the symbol! of the phosphor. For 
example NalI(T!) means that sodi- 
um iodide is doped with thallium. 
Part of the light flash from the 
scintillator strikes the cathode of 
the photomultiplier and knocks 
out photoelectrons. The cathode is 
made of light-sensitive materials 
with a high electron emission ef- 
ficiency. An antimony-cesium ca- 
thode, for example, omits from 8 
to 15 photoelectrons per 100 inci- 
dent photons. 


A photomultiplier contains 8 to 


Fig. 6.61 Scintillation 
counter 
I—radiation source; s— phos- 
phor; ota tod: 4— 
dynodea; s— anode 


13 electrodes, called 


dynodes, arranged consecutively. A voltage of 1500-2500 V 
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applied between the cathode and anode is distributed 
between the dynodes by a resistor divider. The photvelec- 
trons from the cathode accelerated to 150-200 eV strike 
the first dynode and knock out on the average o = 2-4 
secondary electrons. These, in turn, are accelerated and 
each knocks out o electrons from the second dynode etc. 
If A electrons strike the first dynode, a total of Ao™ elec- 
trons will be collected at the anode from the mth dynode. 
The amplification factor of the photomultiplier, k = 0”, 
depends on the material of the dynodes, their number 
in the photomultiplier and on the voltage between them. 
In modern photomultipliers k lies between 10° and 107. 

The output electric pulses from the photomultiplier are 
measured on a load resistor R. If the pulses are small they 
are amplified prior to being fed to the recorder. 

Phosphors may be made of either organic or inorganic 
substances possessing a high degree of transparency for the 
light emitted. This is one of the main characteristics required 
of phosphors. The greater the amount of light emitted by 
the phosphor, the larger the number of electrons ejected 
from the photocathode. 

Another characteristic of a phosphor is its emission decay 
time. A particle passes through a phosphor in about 10-™ s. 
The light flash then follows. In order to keep the resolution 
time as small as possible phosphors are chosen with decay 
times of 10-*-10-* s. 

Scintillation counters are used to measure various types 
of radiation. Accordingly phosphors selectively sensitive to 
a particular type of radiation are employed. The ZnS (Ag) 
phosphor, for example, is characterized by its high sensitiv- 
ity to a-particles, and it can be used to record a-particles 
accompanied by electrons or -quanta. 

The Nal(Tl) crystal is a suitable phosphor for y-quantam 
counters. Its density is quite high—3.67 g/cm*. The presence 
of iodine (Z = 53) in the crystal raises the efficiency of 
y-quantum counting up to 60% whereas the efficiency of 
Geiger-Muller counters for y-quanta is only 1-2%. 

The resolving time of scintillation counters varies between 
10-* and 10-* s. This permits appreciably higher counting 
rates to be attained than is possible in gas-filled counters. 

In some phosphors such as Nal(Tl), anthracene etc., the 
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intensity of the light flash is proportional to the amount 
of energy absorbed. Scintillation counters can therefore be 
used in spectrometers for y-quanta, electrons or other 
particles. The energy resolution of scintillation spectre- 
meters does not exceed 7.5-10%. 


6.7 Semiconductor Defectors 


The smallest size a gas-filled ionization chamber can have 
is determined by the specific ionization of the particles 
in the gas. With decrease of size of the chamber its counting 
efficiency for various types of radiation decreases. If the 
gas in a chamber could be replaced by a solid the specific 
ionization would increase by approximately 10* times. 
With a “filling” of this type the detector efficiency would 
be rather high even for small size detectors. The creation 
of portable detectors became possible after a study of the 
properties of semiconductors and the development of teeh- 
nology of their production. Semiconductors are substances 
whose electric conductivity is intermediate between that 
of metals (conductors) and dielectrics (insulators). Semi- 
conducting properties are possessed by part of the elements 
of the III and IV groups of the periodic table. Two ele 
ments of the IV group are most suitable for obtaining 
single crystals to be used in detectors, germanium and 
silicon. 

In order to obtain semiconductors with a_ prescribed 
electric conductivity, small admixtures of elements of the 
III or V group are introduced into pure germanium (silicon) 
single crystals. Let us elucidate how these admixtures 
affect the electric properties of the semiconductors. 

{In each crystal lattice site of a germanium single crystal 
there is one four-valent atom. Eight electrons are involved 
in the valency bond of the lattice site atoms in germanium 
single crystals: the four external electrons of the site atom 
and four outer electrons of the four neighbouring atoms. 
Suppose that a germanium atom is replaced by phosphorus, 
an element of the V group. Phosphorus has five electrons 
in the outer shell. Four of these compensate the valency 
bond of the germanium atom removed. The fifth electron 
revolves around the phosphorus nucleus and collides with 
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atoms of tho crystal which oscillate about their equilibrium 
position. A result of such collisions is that the bond between 
the fifth electron and phosphorus nuclous may break. Thus 
in germanium with phosphorus admixtures or with other 
elements of the V group there appear free electrons and fixed 
positive phosphorus ions. Germanium acquires thereby 
electron conductivity and is called an n-type semiconductor. 

The electric conductivity will be different if trivalent 
atoms of the III group (boron, aluminium etc.) are intro- 
duced into the crystal. Each boron atom incorporated into 
the lattice tends to fill all four valency bonds of the germa- 
nium atom. Since the boron atom lacks one valency electron 
to compensate for all four valency bonds, it removes a val- 
ency electron from a neighbouring germanium atom and 
is transferred into a fixed negative ion. Free valency bonds 
(positive charges) usually termed holes arise at the lattice 
sites. 

The free valency bond may be occupied by a valency 
electron from a neighbouring lattice site. As a result of 
such transfers the hole (positive charge) moves over the 
crystal. This hole transition resembles the motion of a posi- 
tive ion. The only difference is that the positive charge 
in a single crystal is transferred along a chain of fixed atoms. 
Germanium single crystals with an admixture of III group 
atoms are called p-type semiconductors and their electric 
conductivity is called hole conductivity. 

The number of free electrons in an n-type semiconductor 
or of holes in a p-type semiconductor is equal to that of the 
respective admixture atoms. Both n- and p-type semi- 
conductors are electrically neutral as the hole and electron 
charges are compensated by the charges of the fixed ions. 

Consider a semiconductor consisting of two parts 
(Fig. 6.7a), one possessing electron and the other hole 
conduction. The first part of the semiconductor will contain 
free electrons and the second, holes. Some electrons will 
move from the n- to the p-type semiconductor and neutralize 
part of the holes in «a thin boundary layer. Therefore part 
of the fixed negative ions remains uncompensated and 
a thin layer of the p-type semiconductor becomes charged 
negatively. Holes entering the n-type semiconductor from 
the p-type semiconductor neutralize part of the electrons 
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and a thin layer of the n-type semiconductor is charged 
positively. Thus at the contact between an n- and p-lype 
semiconductor a thin layer is formed which has been termed 
an n-p junction. The Jayer has relatively few electricity 
carriers (electrons and holes) and its electric resistance is 
therefore much higher than in the other parts of single crys- 
tal. A contact potential difference producing a field strength 
E arises at the n-p junction and impedes the movement of 
electrons into the p-type semiconductor and holes into the 
n-type semiconductor. 

A semiconductor with an n-p junction conducts an elec- 
tric current in only one direction and hence is a semiconduc- 
tor diode. If the n-type semiconductor is connected to the 
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Fig. 6.7 Unidirectional conductivity of an n-p-type semiconductor 


minus and the p-type semiconductor to the plus terminal 
of a battery (Fig. 6.76), equilibrium at the n-p junction will 
be disturbed. Under the action of the electric field electrons 
enter the p-type semiconductor and holes enter the n-type 
semiconductor the net effect being the flow of an electric 
current. On inversion of the polarity (Fig. 6.7c) all free 
electrons are displaced toward the anode from the n-p 
junction and the holes are shifted toward the cathode. 
The thickness of the n-p junction increases and the single 
crystal in effect becomes an insulator. It is because of this 
property of the n-p junction that semiconductor diodes can 
be used as detectors. 

An n-p-type semiconductor detector is usually a small 
plate with two plane electrodes attached to it. A high 
positive potential (several hundred volts) is applied to the 
n-type semiconductor. The a-p type semiconductor with 
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the voltage applied as indicated is an insulator and one 
current flows in the absence of radiation. Radiation pro- 
duces free electrons and holes in the n-p junction and for 
a short time the diode becomes a conductor. The time of 
flow of the current is determined by the time of collection 
of the electrons and holes at the respective electrodes. The 
current produces a voltage pulse on the load resistor which 
is fed into the recording circuit. After removal of the clec- 
trons and holes from the n-p junction the semiconductor 
again becomes nonconducting and no current flows. 

The energy of formation of an electron-hole pair in germa- 
nium and silicon is about 3 eV and therefore approximately 
ten times more primary charges are produced in a semicon- 
ductor detector than in a gas on slowing down the same 
particles. The sensitivity of semiconductor detectors conse- 
quently is higher than that of ionization chambers. 

Germanium and silicon n-p-type semiconductors possess 
some properties which make them suitable for detectors. ‘Vhe 
ions in these semiconductors are sufficiently mobile and do not 
recombine readily. They can withstand high electric poten- 
tial differences and hence electric breakdown is excluded. 
Semiconductor detectors are portable and simple in design. 

The thickness of the n-p junction in a semiconductor 
detector depends on the type of radiation. Heavy charged 
particles are stopped in a layer of about 10 wm. Such minia- 
ture detectors are not only capable of recording particles 
but also of yielding their energy spectra. 

Semiconductor detectors with thicker n-p junctions are 
required for the measurement of y-quanta. The interaction 
between a y-quantum and semiconductor involves the 
production of fast electrons with ranges of approximately 
4 mm/MeV. Thus for efficient recording of y-quanta the 
thickness of the n-p junction should not be less than several 
millimetres. Such detectors are also suitable for y-quantum 
spectrometry. With comparable recording efficiencies the 
resolution of semiconductor gamma spectrometers is from 
20 to 30 times higher than that of scintillation gamma 
spectrometers. 

A valency electron colliding with the crystal lattice 
atoms executing thermal vibrational motion may obtain 
an amount of energy sufficient for it to become free. tn this 
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case concurrently with free electrons holes are also formed, 

The intrinsic (dark) current of a semiconductor, whieh 
is not related to the radiation moasured, increases with 
temperature, ‘The dark current is particularly high) in 
germanium detectors which accordingly are cooled with 
liquid uitrogen. 


6.8 Other Techniques for Measuring Radiations 


Cherenkov counters. The velocity of light in a transparent 
medium c’ = c/n, where nis the refractive index. Ifa charged 
particle moving in vacuum with a speed v> c/n enters 
such a medium its speed will exceed that of light ¢’ in 
the medium. The higher the refractive index the smaller 
the light velocity ¢’. For water n «> 1.33 and ¢’ = 2.26% 
x 108 m/s; for glass n = 1.50 and c’ -= 2.0 \ 10° m/s. 


Fig. 6.8 Cherenkov counter 


The motion of a charged particle possessing a velocity 
v>c' in a transparent medium is accompanied by the 
emission of radiation, part of which is in the visible range 
of the spectrum. This radiation was discovered by the 
Soviet physicists S. I. Vavilov and P. A. Cherenkov and 
named after them. 

The Vavilov-Cherenkov radiation propagates at an angle 
@ = arccos (c/nv) with respect to the particle trajectory. 
With increase of v the angle @ increases and at v = ¢ attains 
its maximum value. This property of the Vavilov-Cherenkov 
radiation underlies the operation of Cherenkov counters 
(Fig. 6.8). Fast charged particles with velocities v > ec’ 
enter the cylindrical part of a vessel containing a transparent 
substance C (plexiglas, water). The transparent material 
10° 
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during the short time of motion of the particle in it becomes 
a light source. The angle of incidence of the light at the 
interface between the material C and sir is close to the angle 
of total internal reflection. Whe light therefore cannot 
leave the modium Co and after multiple reflections aud 
focussing with a lens 1, the light strikes a photomultiplier /’. 

If the length of the vessel 1 is 20 em, the light flash will 
last l/c’ a 10°" 4, As a result Cherenkov counters possess 
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Fig. 6.9 Cloud chamber 
1—glase plate; 2—mobile piston; 3—glass cylinder 


a very small resolving time and are threshold detectors. 
They record only charged particles whose velocity exceeds 
the velocity of light in the transparent medium. 

Track chambers. Three types of track chambers are 
employed in experimental physics. These are the cloud 
chamber, diffusion and bubble chambers. In these devices 
particles are detected by the tracks they make. 

The cloud chamber is based on the property of ions to 
serve as nuclei for condensation of vapour into minute drops 
of liquid. The simplest cloud chamber consists of a cylin- 
drica) chamber with a piston (Fig. 6.9). The chamber is 
filled with saturated vapour of a liquid (water, alcohul). 
The piston is then suddenly pulled down. The expansion 
of the vapour lowers its temperature and it becomes super- 
saturated. A charged particle passing through the chamber 
at this moment forms ions on which liquid drops are formed. 
In this way a visible track is produced. Photographs of the 
tracks can be made by illuminating them laterally. The 
sign of the particle charge can be determined by placing 
the chamber in a homogeneous magnetic feld. A photograph 
of the tracks of an electron and positron is shown in Fig. 6.10. 
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The two particles emerge from a single point on the surface 
of a metal plate irradiated by y quanta, ‘The positron nel 
electron are deflected by the magnetic feld in different 
directions ino accordance with their charge. 

After f or 2 seconds the supersaturated vapour begins to 
condense throughout the chamber whieh hus becomes 
unsuitable for further ob- 
servations. The chamber is 
made operative by apply- 
ing a voltage and removing 
thereby the ions from il. 
The piston is returned to its 
initial position, the cham- 
ber is again filled with sat- 
urated vapour etc. 

Modern chambers em- 


ployed for investigation of oe 
high energy particles are 


¢ 
completely automatized. Ua metal plate 
The piston is replaced by 
a membrane beneath which 
the pressure can be changed 
automatically. On reduc- 
tion of the pressure the 
membrane bends downward 
thus expanding the vohune Fig. 6.10 Photograph of positron 
of the chamber. Prior to en- and electron tracks in’ a cloud 
tering the chamber the par- chamber 
ticles pass through Gei- 
ger-Muller counters. The signal from the counters is 
sent to the mechanism which creates supersatura- 
tion of the vapour in the chamber, switches on the light 
and photographs the tracks. After a certain time interval 
the charges are removed from the chamber whieh is’ then 
filed with saturated vapour. 

In the diffusion chamber supersaturation of the vapour 
is altained as a result of diffusion of the vapour, Unsaturated 
Vapour of a low boiling liquid (alcohol, ether) ts introdneed 
in the upper warn part of the chamber. Phe vapour diffuses 
toward the lower cold part oof the chamber where i con 
deuses. A sensitive layer of supersaturated vapour is located 
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between the cold and hot parts of the chamber. The state 
of supersaturation is maintained in the cloud chamber for 
only about 1 or 2 seconds and hence it is quite probable 
that an interesting event will be missed. In the diffusion 
chamber the supersaturation state of the vapour in the sen- 
sitive layer persists continuously. This is an important 
advantage of the diffusion chamber over the cloud chamber. 
However, the increase of operating time of the diffusion 
chamber is obtained at the expense of a considerable decrease 
of the thickness of the sensitive layer in the chamber. 

The molecule density in the sensitive volume of the cloud 
and diffusion chambers does not exceed 107° molecules/cm*. 
If a high energy particle with E > 1 GeV passes through the 
gas, a weak intermittent track will be produced from which 
the properties of the particle can be determined with great 
difficulty. Investigation of such particles can be carried 
out with greater efficiency in a bubble chamber which is 
filled with a liquid of low boiling point (hydrogen, deute- 
rium etc.). Substitution of a liquid for the gas in a chamber 
increases by over a hundred times the density of the molec- 
ules and nuclei. This has made it possible to measure the 
range of particles with energies EK >1 GeV, to study the 
nuclear reactions induced by ‘such particles etc. 

The operation of the bubble chamber is based on a certain 
property of liquids, viz. on the fact that the boiling tem- 
perature of a liquid in a closed vessel depends on the pres- 
sure. The liquid is maintained under pressure at a tempera- 
ture which slightly exceeds the boiling temperature at 
atmospheric pressure. A sudden reduction of the pressure to 
that of the atmosphere renders the liquid superheated. 
During a short period of time (about 10 ms) the liquid 
does not boil. If a charged particle passes through the 
superheated liquid during this time vapour bubbles are 
formed along its path. The track can be photographed and 
conveniently studied. Bubble chambers are usually placed 
at the exit of accelerators producing high energy particles. 
On entrance of the particles into the chamber the pressure 
is reduced and a photograph is made of tho particle track 
in the chamber liquid. 

Photographic plates. A photographic emulsion layer 
irradiated by charged purticles or photons darkens after 
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development. This property is used for the recording of 
tadiations. Radiation doses and the recording of single 
particles can be carried out with photographic plates. The 
radiation dose is determined on the basis of the degree A 
darkening of the plate whereas single particles are studied 
by the tracks they form in the emulsion. 

Fine-grain photographic emulsions are employed for 
investigation of radiations since the sensitivity of an emul- 
sion to radiation depends on the grain size. Stacks of photo- 
graphic plates are used in studies of fast particles the thick- 
ness of the stack heing chosen so as to exceed the particle 
range. Photographic plates are convenient since the particle 
tracks in the emulsion can be studied in great detail and 
information can be obtained regarding the nature of the 
particles, their energy etc. 


CHAPTER 7 


ACCELERATORS OF CHARGED 
PARTICLES 


7.1 Applications of Accelerators 


The properties of atomic nuclei and of elementary parti- 
cles are studied experimentally by observing nuclear reactions. 
For a nuclear reaction to occur two nuclei must be made 
to approach each other so that nuclear forces become opera- 
tive. The distance between two nuclei (with atomic num- 
bers Z, and Z,) can become sufficiently small only if the 
potential wall of height V,, MeV is surmounted (see Sec. 3.4). 
The probability that the nuclei approach each other at 
energies EL, < V, is low. The frequency of nuclear reactions 
therefore can be increased by accelerating the bombarding 
nuclei to energies E, > Vj. 

Light nuclei (or particles) are used as the bombarding 
particles, viz. protons, deuterons and a-particles. For 
light nuclei the height of the potential barrier is small 
and nuclear reactions can be induced at comparatively low 
accelerating energies. 

The first nuclear reactions were observed by bombarding 
nuclei with a-particles emitted by natural a-emitters. The 
energies of the a-particles did not exceed 9 MeV. Such 
particles are suitable for studying nuclear reactions involving 
nuclei with Z < 20. 

In nature there is one source of very fast charged particles, 
the cosmic rays (see Chap. 9). Particles of enormous ener- 
gies (vuver 108 GeV) can be found in the cosmic radiation. 
Sume very valuable information in nuclear physics and 
the physics of elementary particles has been obtained by 
studying the interaction between cosmic ray particles and 
matter. Since the flux density of the cosmic ray particles 
is low, observation of some events requires time-consuming 
experiments. 

Intense beams of fast particles can be obtained with 
accelerators in which charged particles move in an eleectro- 
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magnetic field. If a particle of charge qg moves in an accel- 
erating electric field with a potential difference / its kinetic 
energy will increase by qU. In some types of accelerators, 
such as the Van de Graaf electrostatic accelerator, a high 
voltage is applied, as much as 8 MV. In other types of ac- 
celerators energy is imparted to the particle as it passes 
repeatedly through a field of comparatively low accelerating 
voltage, about 10 kV. 

In modern accelerators the energy of fast particles has 
been pushed up to 400 GeV. However, even such high 
energies are not enough for some experiments. New phenom- 
ena appear with increase of the particle energy. Therefore, 
these phenomena can be studied only by employing particles 
of higher energies. 

Such particles as the positron, muon, pion and others 
were first discovered in the cosmic radiation. Can they be 
obtained in laboratory conditions and thus be studied in 
greater detail? According to the relation W = mc? a par- 
ticle with a rest mass m, can be created only if the kinetic 
energy is not less than m,c?. However, in a nuclear reaction 
particles and antiparticles arise simultaneously (see Sec. 9.3), 
the rest masses being equal. For example, in the electric 
field of a nucleus a y-quantum with an energy E., = 1.02 MeV 
can create an electron (particle)-positron (antiparticle) pair. 
Therefore, an energy of at least 2m, c? is required only to 
obtain a particle-antiparticle pair. Moreover momentum 
must be conserved in a nuclear reaction, i.e. the total 
momentum before the reaction must equal the momentum 
after the reaction. Part of the kinetic energy of the bombard- 
ing particles must be spent to conserve momentum. 

Proton accelerators are usually employed to obtain such 
particles as pions, antineutrons, antiprotons etc. The parti- 
cles are produced in collisions between accelerated protons 
and nucleons of the target. The threshold energy Ey, fur 
creation of a particle-antiparticle pair is given by the 
ex pression 


F'n - 1.86m 9, (Moa/Mop | 2) GeV 


Where Moa and Mey are the rest masses of particle a and 
Proton p expressed in amu. The production threshold for 
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a neutron-antinoutron pair (my, = Mon % Mop) is 


An energy of 1.879 GeV should be sufficient to produce 
a resting neutron-antineutron pair. The unproductive ex- 
penditure of energy E = 5.6 — 1.879 ~ 3.7 GeV is more 
than 2/3 of the threshold energy. The proton energy in some 
accelerators has been made as high as 400 GeV. However, 
only about a tenth, i.e. about 40 GeV, is used productively. 

The efficiency of utilization of the particle energy can 
be increased if two oppositely moving particle beams are 
made to collide. The total momentum of the particles is 
zero if the energies of the opposite beams are the same. 
Hence, unproductive energy losses required for conservation 
of momentum are reduced to a minimum. Suppose that the 
amount of energy utilized in a nuclear reaction is the same 
in an accelerator with a fixed target as in an accelerator 
with opposite beams. To meet this condition the particles 
will have to be accelerated to some energy £, in the first 
accelerator and to an energy E, in the second. If the rest 
energy of the particle W,< EF, then FE, = 2E?/W,. 

At present accelerators are in operation in which colliding 
beams of 3.5 GeV electrons and positrons or colliding beams 
of 28 GeV electrons interact. In an accelerator with a fixed 
target the corresponding energies of the electrons (positrons) 
would have to be 49000 GeV and of the protons about 
1700 GeV. 

One of the difficulties in constructing accelerators with 
opposite moving beams is to obtain beams of a sufficiently 
high particle density. Only in this case will the yield of 
nuclear reactions be appreciable. 


7.2 Linear Accelerators 


A schematic diagram of the Van de Graaf electrostatic 
generator, which is one of the types of linear aceolerators. 
ix shown in Fig. 7.4. Acceleration of the particles oceues in 
tube 7. An ion source mado of insulating material (glass, 
porcelain) and a set of tubular electrodes are located inside 
the tube. The electrodes are mounted vertically at a small 
distance from each other, The lon source is placed at ane 
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end of the clectrode system and the target M at the other 
end. The acceleration tube is evacuated to a pressure of 
10-° mm Hg. This reduces tho probability of collisions 
between the accelerated ions and air molecules and also 
of the appearance of gas discharges. 

A high voltage (up to 8 x 10® V) is applicd to tho accel- 
eration tube. The voltage is distributed uniformly between 
the ion source, tubular electrodes 
and target by means of a resis- 
tor divider. P 

Ions from the ion source enter 
the first electrode. In the gap 
between the source and first elec- 
trode the ions obtain their first 
portion of energy. Within the 
tubular electrodes the ions move 
by inertia as there is no electric 
field there. The second accelera- 
tion occurs in the gap between 
the first and second electrodes 
etc. The particles striking the 
target are accelerated to an en- 
ergy E =qU eV, where q is the 
particle charge in units of e and 
U is the voltage applied to the 
accelerating tube (in volts). 

The high voltage is obtaincd | 
in the following way. By Fig. 7.1 Van de Graal elec- 
means of a metal brush the char- trostatic generator 
ge from a low-voltage genera- 
tor is applied at point A to an endless belt of insulat- 
ing material. The charge is collected at point B by a similar 
brush connected to a metal sphere P called the conductor. 
The charge accumulates at the outer surface of the sphere 
and produces a voltage of up to (5-8) x 10° V on the condue 
tur which is connected to the accelerating tube. 

Notwithstanding the relative simplicity of the Van de 
Graff generator it is capable of developing stable particle 
currents up to Of mA. Phe generator can be used indepen 
dently for nuclear investigations or in conjunetion with 
other accelerators as a device for preliminary acceleration 
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af ions, The particle onorgy doponds on the potential of the 
conductor which In turn in rosteictod by charge leskage. 
In the nccolorating tube of a Hnear rosonancs accelerator 
(Fig. 7.2) the tons are accelerated by repeatedly passing 
through regions with a potontial difference supplied by a 
high frequency (HF) generator, The length of the cylindrn 
cal eloctrodes Increases In the direction of movement of the 
ious, The time of Inertial motion of the ious is the same in 


Kig. 7.2 Linoar resonance accelerator 
J. HY generator, @ Jon sources, J--target 


all electrodes and is equal to the half-period of variation of 
the voltage from the HF generator, The even-number cy 
lindrical olectrodes are connected to one terminal of the HF 
gonorator and the odd-number electrodes to the other ter 
minal, 

Considor a positively charged ion entering the gap between 
the first and second olectrodes. At this instant a positive po- 
tential is applied to the odd electrodes and a negative po- 
tential to the even electrodes. When the ions begin to move 
out of the second electrode a positive potential is applied to 
the even electrodes and a negative potential to the odd ones 
ete. The time of transit of the ions in each electrode is equal 
to the period of the alternating potential, For this reason such 
accelerators are called resonance accelerators. Particle ener- 
gies up to 22 GeV have been attained in linear resonance ac- 
celerators. The particles strike the target in pulses at period: 
equal to that of the HF generator. 


7.3 The Cyclotron and Synchrocyciotron 


If a charged particle moves with u constant velocity in 
a homogencuus inagnetic field perpendicular to its lines of 
force its path will be a circle. If the masse of the particle i 
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m, its charge q, velocity v and magnetic flux density B, 
the radius of the circular path is 


R = mv/Bq 


The frequency of revolution v (number of revolutions of 
the particle per unit time) is equal to the particle velocity 
divided by the circumference 2nR, 


v = Bq/2um 


As long as the mass m is constant the frequency is indepen- 
dent of the particle velocity and this property is exploited 
for acceleration of particles in the cyclotron. 

The cyclotron consists of a magnet with two hollow elec- 
trodes (the dees) located between the poles of the magnet 


(a) 


Fig. 7.3 Cyclotron dees (a—general view; b—top view) 
1--HF supply; 2- -ion trajectory, 3—1on source; ¢—target; 5—-deflecting electrode 


(Fig. 7.3). A comparatively low voltage from a LIF generator 
is applied to the dees and a source of positive ions is placed 
in the gap between them. The whole system (dees and ion 
source) is arranged in an evacuated chamber with a_ pres- 
sure of about 10 © inm Ely. 

Suppose that the magnetic flux density Bis perpendicular 
tu the velocity of the ions, vy and is directed from the reader 
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to the page and that a positive potential is applied to the 
right. dec. Positive ions emitted from the source are accel- 
erated in the gap and enter the left dee where they move with 
a constant speed in a circular path in the magnetic field. The 
frequency of the generator is chosen to equal the frequency 
of revolution of the ions. After travelling over a semicircle the 
ions enter the gap between the dees once again and the posi- 
tive potential is applied to the left dee. A certain amount of 
energy is imparted to the ions in the gap. After each cros- 
sing of the gap the ion velocity increases and the radius of 
the particle orbit increases correspondingly. The accelerated 
ions move in a spiral path (Fig. 7.3). At the edge of the de- 
vice the particle beam is deflected from the chamber onto a 
target. 

Since the particles move in circles the size of the cyclo- 
tron is much smaller than that of the linear accelerator and 
comparatively low voltages may be employed. At the exit 
of the cyclotron the kinetic energy of the ions is 


E, = m,v2/2 = (B*R?/2) (q?/m,). 


Each cyclotron is characterized by the radius of its mag- 
net R and the magnetic flux density B. Therefore, for each 
given cyclotron the energy of the ions is proportional to the 
ratio of the squared ion charge to the ion mass. For protons 
and a-particles the q?/m, ratio is the same whereas it is 
twice as small for deuterons. Hence, the deuteron energy in 
a cyclotron is one half of that of protons. The final energy of 
the accelerated ions does not depend on the amplitude of the 
HF generator. If the voltage applied to the dees is low the 
ions will execute a larger number of revolutions before leav- 
ing the cyclotron than if a higher amplitude voltage is ap- 
plied. As explained, the energy in both cases will be the 
same. 

At high velocities (v/e > 0.2) the ion mass perceptibly 
increases. Thus the mass of protons with energies of 25 MeV 
exceeds by 2% the rest mass. With growth of mass the fre- 
quency of revolution of the ions decreases and they arrive at 
the gap at a time which lags behind the time of application 
of potential to the dees. A result of the difference botween the 
frequencies of the generator and ion revolution is that the 
ions arrive at the deo gap when the potential is of the wroug 
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sign and slows down the particles. A limiting energy is thus 
reached. Protons can be accelerated to 25 MeV and a-par- 
ticles to 50 MeV. 

Higher ion energies can be obtained by applying to the 
dees a potential whose frequency decreases in step with the 
frequency of ion rotation. Such accelerators are called 
synchrocyclotrons and they are able to produce ions with 
energies up to 800 MeV or even more. Acceleration in the cy- 
clotron can be carried out almost continuously since the 
ions are accelerated at time intervals equal to the period of 
the HF generator. In the synchrocyclotron only bunches of 
particles can be accelerated since the generator reduces its 
frequency with increase of energy of the ions. Protons, 
deuterons and a-particles are accelerated in the synchrocy- 
clotron. The final energy of the particles is proportional to 
the square of the radius of the magnet pole faces and hence 
the magnet of a synchrocyclotron usually weighs several 
thousand tons. The radius of the synchrocyclotron magnet of 
the Joint Institute for Nuclear Research in Dubna, for exam- 
ple, is 3 metres and the magnet itself weighs 7000 tons. The 
device is capable of producing 680 MeV protons, 420 MeV 
deuterons and 840 MeV a-particles. 


7.4 Electron Accelerators 


Cyclotrons cannot be employed to accelerate electrons. 
The electron mass begins to increase noticeably already at 
10 keV. Electrons are therefore accelerated in special types 
of accelerators, in the microtron, betatron and synchrotron. 

Microtron. The period of revolution of a charged parti- 
cle, 7, in a stationary magnetic field is proportional to its 
mass m. If the particle mass could be changed an integral 
number of times of its rest mass in a small accelerating gap, 
its period of revolution in a stationary magnetic tield would 
increase by the same number of times. Heavy particles 
cannot be accelerated in this way as too strong electric tields 
would be required. However, this method is quite suitable 
for acceleration of electrons. ‘The accelerator in which this 
method has been applied is the microtron (Fig. 7.4). 

A flat vacuum chainber in which electron acceleration o¢ 
curs is placed between the pole faces of a permanent magnet. 
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A hollow short tube, the accelerating resonator, is located 
within the chamber. A HF voltage with a constant frequency 
v = 3 GHz is applied to the resunator. 

An electron emitter is arranged at the entrance to the 
resonator. Emission of the electrons is induced by the elec- 
tric HF field. The electrons obtain the first portion of ener- 
gy (0.51 MeV) in the resonator; after this they make one re- 
volution in the magnetic field and again enter the resonator 
in the accelerating phase, the result being an additional 
0.51 MeV of energy imparted to them etc. The period of the 


2 
1 
Zz 
Fig. 7.4 Microtron Fig. 7.5 Vertical section of a betatron 
1—resonator; 2—region of 1—electron acceleration chamber, 2—electro- 
magnetic field; 3—electron magnet coil 


trajectory 


HF generator, 7’, is chosen so that it equals the initial peri- 
od of revolution of the electrons, 7,. In this case the elec- 
trons after each circle enter the resonator in the accelerat- 
ing phase. The radius of the electron trajectory varies af- 
ter acceleration in the resonator and approaches the radius 
of the site of location of the resonator. From tha last circle 
the electrons are deflected out of the microtron. Depending 
on the design of the microtron the energy increment of the 
electrons may be 0.51 MeV or a multiple of this quantity. 

Electrons can be accelerated up to 50-100 MeV in micro- 
trons. They travel over almost a hundred circles in the vac- 
uum chamber before being deflected out of the microtron. 
Electrons from the source are pulled out by pulses with a 
period equal to that of the HF field. The target is therefore 
bombarded by short electron pulsos at intervals of about 
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3 x 10-§ us. The mean electron current is of the order of 
100 mA. 

Betatron. The betatron works in much the same way as a 
transformer does. In the latter device two coils of wire are 
wound around a core. If an alternating electric current is 
passed through the primary coil an alternating magnetic 
field will appear in the core. This field induces an electromo- 
tive force in the secondary coil and a current will flow if 
the coil is closed. 

In the betatron the secondary coil is replaced by a torus- 
shaped vacuum chamber. A schematic representation of the 
cross section of a betatron is shown in Fig. 7.5. The toroid 
chamber, which is made of glass or porcelain, is placed be- 
tween the poles of a magnet. The pressure in the chamber is 
maintained at about 10-* mm Hg. Electrons with an energy 
of several dozen kilo-electronvolts are injected into the cham- 
ber during a time interval up to 0.001 s by means o¢ an 
“electron gun”. The source is a tungsten incandescent fila- 
ment emitting electrons and an electrode system for fo- 
cusing and preliminary acceleration of the electrons. 

Inside the chamber the electrons move in circles under the 
action of the electric voltage induced by the varying mag- 
netic field. During acceleration of the electrons the magnetic 
field strength is increased in such a way as to ensure stabili- 
ty of the electron orbit. Acceleration of the electrons is car- 
ried out during the increase of the electric voltage in the coils 
of the electromagnet from zero to the maximum value, 
i.e. during a quarter of the period of the power source. 

For a stable orbit of radius A the centripetal force F, is 
equal to the Lorentz force F,. The latter force varies along 
the radius of the accelerating chamber in such a way that 
for r> R, Fy > F, and forr< R, Fy < Fy. Hence, any 
electrons which stray away from the stable orbit are re- 
turned to it. During acceleration the electrons execute small 
oscillations about the stable orbit. 

In the first betatron built by Kerst energies of only a few 
millions of electronvolts were attained. By 1952 betatrons 
with electron output energies of JOU MeV were in operation, 
An upper limit to the electron energy obtainable in a beta- 
tron exists. Kapidly revolving electrons emit electromagnuet- 
ic (betatron) radiation. According to the calculations of the 
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Soviet physicists Pomeranchuk and Ivanenko the energy 
radiated by an electron during one revolution in the beta- 
tron 


AE ~ 90E@/R keV 


where £, is the electron energy in GeV and & the orbit ra- 
dius in metres. 

The highest electron energy attainable in the betatron is 
500 MeV. Above this energy all energy acquired by the 
electron during a revolution is lost by betatron radiation. 

Synchrotron. An electron with an energy E, F 2 MeV 
moves with a velocity which does not differ appreciably 
from that of light. Thus the difference between the two veloc- 
ities is only 2.1% for 2 MeV electrons. This means that for 
E. > 2 MeV the electron velocity is, for all practical pur- 
poses, constant since it cannot exceed the velocity of light. 
Therefore, further acceleration of the electrons can be car- 
ried out as in the cyclotron by using a HF generator. High- 
energy electrons are obtained in the synchrotron in two 
stages. In the first the electrons are accelerated in a toroid 
vacuum chamber, like that in the betatron, up to 2-7 MeV. 

The betatron operation is carried out with a small elec- 
tromagnet in the centre of the chamber. The mass of the mag- 
net is chosen so that saturation of the magnet occurs at elec- 
tron velocities close to that of light. 

After saturation of the inner magnet takes place, synchro- 
tron operation is switched on automatically. The accelerat- 
ing ring chamber consists of several coupled sections. One 
of them is replaced by an electric resonator to which a HF 
generator is connected. On passing through the resonator an 
electron acquires an energy which is from 4 to 6 times great- 
er than that imparted to an electron making a circle in the 
betatron. The electrons are confined near the stable orbit by 
a varying magnetic field in the accelerating chamber in 
which the ratio of the magnetic flux density B lo the elec- 
tron mass m, remains constant. The magnetic field is pro- 
duced by a ring magnet and the accelerating chamber is lo- 
cated between the magnet pieces. 

The substitution of a ring magnet for a solid one consider- 
ably reduces the mass of the synchrotron magnet. ‘Thus, 
for acceleration of electrons to 300 MeV in a betatron a 
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300-400 ton magnet is required whereas the same energy can 
be obtained in a synchrotron with a 130 ton magnet. 

During acceleration the electrons do not move exactly 
along a stable orbit but oscillate about it. The higher the 
oscillation amplitude the greater the cross section of the 
accelerating tube. The cross section area and mass of the 
ring magnet depend on the sectional area of the accelerating 
tube. In the earlier synchrotrons considerable deviation of 
the electrons from the stable orbit were permitted. They 
were therefore called weak-focusing synchrotrons. Subse- 
quently the oscillation amplitude was considerably reduced 
and hence magnets with smaller masses could be employed. 
Such synchrotrons are called strong-focusing synchrotrons. 
The highest energy which can be obtained in a weak-focus- 
ing synchrotron is 1.2-2 GeV; in the strong-focusing syn- 
chrotron an energy of 7.5 GeV is attainable. 


7.5 Proton Synchrotron 


Acceleration of protons in the synchrocyclotron is not ra- 
tional at energies above 1 GeV as a very heavy magnet would 
be necessary and the power consumption would be prohibi- 
tive. Thus a 10° ton magnet would be required to obtain 
protons with energies LE, ~ 10 GeV in thesynchrocyclotron. 
Novel methods of acceleration had to be found in order to 
push the proton energies still higher. The problem of obtain- 
ing fast protons with energies up to 400 GeV was solved 
in the proton synchrotron (Fig. 7.6). 

Protons are accelerated in a toroid vacuum chamber lo- 
cated inside a ring magnet. The magnet consists of four seg- 
ments connected by linear sectors in which there is no mag- 
netic field. An electric resonator is mounted in one of the 
linear sectors. 

Protons are first accelerated to several million electron- 
volts in a linear accelerator and then introduced into one 
of the linear sectors 5 of the toroid chamber. The magnetic 
field strength is varied at a rate which ensures movement 
of the protons near a stable orbit. After each passage 
through the resonator the protons acquire an energy of about 
2000 eV. Since the proton velocity increases continuously, 
whereas the orbit remains the same, the frequency of revo- 
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lution monotonously increases. Therefore in the first accel- 
eration stage the voltago frequency is varied in the same 
way as the frequency of revolution of the protons. This 
stage is analogous to the synchrocyclotron regime of ac- 
celeration. 

Synchrotron operation is introduced in the second stage 
after the proton energy exceeds 3 GeV (v ~ c). A voltage of 


Fig. 7.6 Proton synchrotron 
1—resonator; 2—ring magnet; yo -onamaer, é4—proton exit; 5— proton en- 


almost constant frequency is applied to the resonator. UI- 
timately the proton pulse is deflected out of the device at 
sector 4 of the proton synchrotron. 

The first weak-focusing proton synchrotron was built in 
the Brookhaven National Laboratory (USA) in 1952. It was 
called the Cosmotron since the proton energies (K, -= 3 GeV) 
were comparable to those encountered in the cosmic rays. 
The outer radius of the Cosmotron ring magnet is 10 me- 
tres and the mass of the magnet is 2000 tons. A Soviet 
weak-focusing proton synchrotron began operation in Dubna 
in 1957. The outer radius of the magnet is 28 metres and the 
mass of the ring magnet is 36 000 tons. During operation the 
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accelerator consumes 142 MW. Protons with energies up 
to 10 GeV can be obtained. 

In modern strong-focusing proton synchrotrons energies 
between 30 and 400 GeV are obtained. The CERN proton 
synchrotron (Switzerland) delivers 30 GeV protons, the Ser- 
pukhov (USSR) accelerator, 76 GeV protons, and the accel- 
erator in Batavia (USA), 400 GeV protons. The average 
diameter of the Serpukhov accelerator electromagnets is 
470 metres and the mass of the electromagnets is 22 000 
tons. 


CHAPTER 8 


NUCLEAR REACTIONS 


8.1 General Definition. Nuclear Reaction Equations 


Nuclear forces are operative at distances of about 10-'* m, 
If a particle (neutron, proton, deuteron, a-particle or other 
nuclei) appears within the range of action of nuclear forces 
a nuclear reaction (or simply, a reaction) may take place be- 
tween the nucleus and particle. Just as in the case of radio- 
active disintegration the number of nucleons and charge are 
conserved in nuclear reactions. In a nuclear reaction the 
charge and nucleons are redistributed between the nuclei 
and particles. On the basis of conservation of charge and 
number of nucleons one can qualitatively predict the di- 
rection of a nuclear reaction. 

The first nuclear reaction was observed by Ernest Ru- 
therford in 1919. Nitrogen nuclei were bombarded by 
7.7 MeV a-particles from polonium. The potential barrier of 
the nitrogen nucleus for an a-particle, Vy = 3.5 MeV, 
is almost two times smaller than the kinetic energy of the 
a-particles. The a-particles therefore easily entered the nit- 
rogen nucleus and induced a nuclear reaction in which *;0 
nuclei and protons were produced. This was the first exper- 
imental proof that protons are constituents of the nucleus. 

More than ten thousand nuclear reactions have been stud- 
ied after Rutherford’s discovery. What is the purpose of 
studying nuclear reactions? First of all they yield informa- 
tion on the structure of the nucleus and on the nature of 
nuclear forces. Secondly, a study of nuclear reactions is im- 
portant from a practical viewpoint. Thus, the radioactive sub- 
stances vbtained in nuclear reactions are used in many fields 
of science and engineering. 

Nuclear reactions, similar to chemical reactions, can cun- 
veniently be represented by an cquation. Tho target nucle- 
us 4X and particle a are shown in the left-hand side of the 
equation and the products of the reaction, i.e. the nucleus 
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f'Y and emitted particle 6, in the right-hand side of tho 
equation: 


AX+a>ZY+b 
A shorter notation of a nuclear reaction is 
4X (a, b) Z1Y 


As an example we write down the equation of the first 

reaction studied in the full and abbreviated forms: 
MN+a—>p+%0, “N(a, p)40 

The type of a nuclear reaction is determined by the nature 
of the bombarding and emitted particles and is denoted as an 
(a, b) reaction. If the bombarding and emitted particles are 
identical the (a, a) reaction is said to be one of scattering of 
particle a. Two types of particle scattering are distinguished. 
In elastic scattering the nucleus and particle interact as two 
elastic balls. In a nuclear reaction of this kind the internal 
state and composition of the nucleus do not change and a 
redistribution of kinetic energy between the nucleus and 
particle occurs. The nucleus moving after elastic scattering 
of a particle is termed a recoil nucleus. 

Inelastic scattering involves the excitation of the tar- 
get nucleus without alteration of its composition. Part of 
the kinetic energy of the inelastically scattered particles is 
expended in excitation of the nucleus. Since the excited 
levels of nuclei can assume only discrete energy values, ine- 
lastic scattering can occur only if the particle energy ex- 
ceeds the energy of the first excited energy level. Inelastic 
scattering is accompanied by emission of y-quanta by the ex- 
cited nucleus. 

In many experiments with neutrons and in nuclear instal- 
lations elastic and inelastic scattering are used to slow down 
neutrons. For example, in experiments designed to study the 
interaction between matter and slow neutrons (EF, < 10° eV) 
the latter are obtained by slowing down fast neutrons (FE, > 
> 0.4 MeV), emitted by the source, in materials containing 
light nuclei (A < 12) such as those of beryllium, graphite, 
paraffin. 

In the (a, b) reaction the particle a is absorbed and instead 
of it another particle b is emitted. The composition of the 
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target nucleus corrospondingly changes and hence a nuclear 
transformation occurs. Somo (a, b) reactions have special 
names. Thus, the (a, y) reaction is called a reaction of ra- 
diative capture of particle a. Absorption of particle a during 
radiative capture is accompanied by the emission of y-quanta. 

In nuclear reactions involving inelastic scattering (or 
absorption)® of particle a, nuclei are formed which differ from 
the target nuclei with respect to their energy state (or com- 
position). Such nuclei are called product nuclei. 


8.2 Laws of Conservation of Energy and Momentum 
in Nuclear Reactions 


The laws of conservation of energy and momentum are 
obeyed in nuclear reactions. Let us write down the energy 
balance for the reaction 7X (a, b) ziY by taking into ac- 
count that the total energy of the nuclei and particles is 
equal to the rest energy plus kinetic energy, 


M, (Z, A)? + mc? + E, + Ey = My (QZ, As)? + 
+me+E+ E, 


The subscripts a and b indicate the particles to which the 
corresponding quantities refer; FH, is the kinetic energy of 
the target nucleus, and £ is the kinetic energy of nucleus 
21Y. Grouping together the rest energies in the left-hand 
side and the kinetic energies in the right-hand side we get 


[M, (Z, A) + m,—M, (Z,, A,)—m,] c= + E,— (Z,+ E,) 


The change in the kinetic energy, which is equal in abso- 
lute value, to the change of the rest energy, is called the 
energy of the reaction, Q. By definition 


Q a [My (Z, A) + mM, — M, (Z,, A,) = my] c? = AMc} 


Replacing the nuclear masses by the masses of the respec- 
tive nuclides in accordance with formula (3.1) we find that 


__* Nuclear interactions between particles and nuclei are frequently 
divided into elastic scattering and nuclear reactions proper. The latter 
include nuclear interactions in which the energy state of the nucleus 
is altered (inelastic scattering of perticle a) or in which the composi- 
tion of the nucleus is altered (absorption of particle a). 
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the change of the rest mass in the nuclear reaction is 
AM =M (Z, A) -— M (Z,, A)) Si m, — My,-- 
— (2 — 2,)m, (8.1) 


If the nuclide and particle masses are expressed in amu 
units the energy of the reaction will be 


Q = 931AM MeV (8.2) 


In an exoergic (exothermic) reaction (Q > 0) part of the rest 
energy of the target nucleus and bombarding particle is trans- 
formed into kinetic energy of the reaction products. AS a 
rule the target nucleus prior to the reaction may be consid- 
ered as being at rest. Therefore 


Q=E+5E,—F, 


An example of an exoergic reaction is the }°B (n, ) Li 
reaction. The energy of the reaction, Q, can be calculated 
for it as follows. The nuclide and neutron masses according 
to Table 3.1 are 


M (°B) = 10.0129 amu, M (?Li)=7.0160 amu, 
m,=1.0087 amu, M (}He)= 4.0026 amu 


The total rest mass before the reaction is 11.0216 amu and 
after the reaction 11.0186 amu. The decrease in the rest mass 
AM = 11.0216 — 11.0186 = 0.0030 amu. 

According to formula (8.2) 


Q = 931AM = 931 x 3 x 10° 2.8 MeV 


In an endoergic (endothermic) reaction (Q< 0) the sum 
of the rest mass of the target nucleus and bombarding par- 
ticle is less than the rest mass of the reaction products by 
AM = —Q/c*. This mass increment is the result of 
transformation of the kinetic energy into rest energy. 
Endoergic reactions take place if the kinetic energy of the 
particle a exceeds the threshold energy F,,. Such reactions 
are therefore called threshold reactions. The threshold 
energy ensures the mass increase by AM in the nuclear re- 
action. No endoergic reaction can take place if the onergy 
of the bombarding particle is less than the threshold value. 
An example of a threshold reaction is that of inelastic scat- 
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tering of particles or the °H (p, n) $He reaction for which 
Q = —0.78 MeV. 

The law of conservation of momentum in a nuclear reac- 
tion involving a target nucleus at rest can be written down 
in the form of the vector equation 


MeVq = Myvn + MyVo 


The law of conservation of momentum can be used to 
find the relation between the threshold energy FE) and ener- 
gy Q in a threshold reaction. After a collision between the 
particle and target nucleus a compound nucleus is formed 
(see 8.3) whose mass M, ~ M, + m,. For a target nucleus 
at rest the momentum of the compound nucleus is equal to 
that of the particle a. Since the particle a and the compound 
nucleus C move in the same direction it follows that 


mv, = Mcvc 


Part of the energy E, which is equal to the kinetic ener- 
gy E of the compound nucleus is spent in fulfilling the law 
of conservation of momentum. Taking into account that 
the masses M, (Z,A)~A amu, m,~ A, amu and M o~A+ A, 
amu, we get 


Eo = St = Me (Be) ot as 7 Ae B 


A+4A, °% 


That part of the kinetic energy of the particle which is 
transformed into the rest energy of the compound nucleus 
is the difference between the kinetic energies of the particle 
and compound nucleus, 


A 
AM — E,—Ec=ayq- Ea 
The smallest mass increment required for the threshold 
reaction to occur is AAf =—Q/c* and in this case the kinet- 


ic energy E, of the particle is equal to the threshold energy. 
Substituting in the latter equation 


AMc? = |Q| and E, = Eu 
we find 


Eu=*t*1@! (8.3) 


ee NAle NANOS i ee 


ARPA PEAR RECS Scare RG MOL MRI: oe END HT 
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Lot us determing the threshold energy for the (Be ( M) 2 
reaction. The nuclide and neutron masses are (seo Table 4.1) 


M ({Bo) « 9.0122 amu, M (I) :« 1.0078 amu, 
my ** 1.0087 amu, M (QB) => 9.0133 amu 


The increase of the rest mass in the reaction is 
AM +. 9.0133 -{- 1.0087 — (9.0122 -|- 1.0078) == 0.0024amn 


The energy of the reaction Q == —931AM ~ —1.9 MeV. 
The threshold energy for the proton 


Ey =" 1.9 2.1 MeV 


It would be wrong to substitute A and A, (in amu) for 
the masses of the atoms and particles when calculating 
AM and Q as this leads to erroneous results. In the last exam- 
plo such an approximation with M, ({Be) ~ 9 amu and 
M(H) ~ 1 amu yield AM =O and Ey, = 0. 


8.3 The Compound Nucleus 


Investigations of nuclear reactions have yielded much in- 
formation which underlies the theory of nuclear transforma- 
tions. One such theory is the theory of the compound (inter- 
mediate) nucleus developed by Niels Bohr in 1936. It satis- 
factorily explains nuclear transformations induced by 
particles with energies up to 50 MeV. According to this theo- 
ry a nuclear reaction represented as 2X (a, b) 21Y takes 
place in two stages. In the first stage the particle a is captured 
by the #X nucleus. As a result a compound nucleus C is 
formed in the excited state 


4X+a—+*C 
(the asterisk indicates that the nucleus is in the excited 


state). I'he excitation energy W,, of the compound nucleus is 
the sum of the binding energy e, of particle a in the compound 
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nucleus and of part of the kinetic energy of the particle, 
E,, which is transformed into rest energy of the compound 
nucleus, 


Wer= tat gag Eg 


For A,<A 
Wer ® e, + Ey 


In view of the fact that the nucleons interact strongly, 
the excitation energy is rapidly distributed almost uniform- 
ly among the nucleons. Suppose that the excitation energy 
of nucleus C is sufficient for ejection of a particle b but this 
does not occur because of the energy being distributed among 
the nucleons. However, the nucleons collide frequently and 
a result may be that most of the excitation energy is trans- 
ferred to a particle b located in the surface layer of the com- 
pound nucleus. In the next stage the compound nucleus 


splits into a nucleus Z7?Y and the particle b, 
*C+ ZY +d 


The lifetime of a compound nucleus, tc = 10-!4-10-!5 s, 
is much greater than the characteristic nuclear time T,, 
during which a particle a travels over a distance comparable 
to the radius of the nucleus, R. Thus for an a-particle 
moving at v, ~ 10° cm/s, the nuclear time t, = R/v, ~ 
= 10-12/10® = 10-7! s which is 108 times smaller than the 
lifetime of a compound nucleus. 

A consequence of the long lifetime of the compound nu- 
cleus is that its formation and decay are independent events. 
The mode of decay of the compound nucleus depends only 
on the excitation energy. The transformation of a nucleus 
via the compound nucleus can be illustrated by the fol- 
lowing example: 


Na + Nata 
uMg+d—ri*Al-oMg +d 


ae aa 
PAl+y RAL +y 


The *$Al compound nucleus can be formed either as a 
result of absorption of an a-particle by the *%Na nucleus, 
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or a deuteron by the Mg nucleus or a y-quantum by the 
"Al nucleus. If the excitation energy of *\5Al exceeds the 
inding onergy of an a-particle in it, or of a deuteron, 
the compound nucleus may emit either of these particles 
or go over to the ground state with emission of one or sev- 
oral y-quanta. If, however, the excitation energy of *}3Al 
is loss than the binding energy of the a-particle or deuteron 
it can omit only y-quanta and change into the 27Al nucleus. 


The product nucleus z1Y formed after decay of the compound 
nucleus may also be in the excited state, and in this case it 
can also emit y-quanta. 

The nuclear interaction leading to a given compound nu- 
cleus is referred to as the input channel and the mode of de- 
cay of the compound nucleus as the output channel. In the 
example presented above there are three input and three 
output channels of the reaction. 

A complete notation of a nuclear reaction which includes 
the compound nucleus is 


ZX +a>*C—>b4+71Y 


As a rule it is the input and output channels which are of 
interest and hence the compound nucleus *C is usually not 
indicated in the equation of the reaction. 


8.4 Effective Cross Section and Yield of a Nuclear Reaction 


The equation of a nuclear reaction gives only a qualita- 
tive description of the interaction between the particles and 
nuclei. It tells nothing about the efficiency of the interac- 
tion. In order to define the quantity which characterizes the 
probability of interaction between a particle and nucleus 
consider a thin plane target made of homogeneous substance 
containing N, nuclei per square metre. Suppose a beam of 
monoenergetic particles is incident on the target surface in 
the perpendicular direction (Fig. 8.4). For the sake of sim- 
plicity let the bombarding particles be neutrons. Each neu- 
tron passing through the square metre of the target can in- 
teract with any of the N, nuclei. If the neutron flux density is 
@ the number of possible neutron-nucleus interactions per 
second per 1 m’ target will be pV,. However, the inter- 
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action between a neutron and nucleus is a random event and 
not all but only a few of the possible interactions take place. 
The number of nuclear reactions II actually occurring each 
second in 1 m®* of the target is proportional to @N,g, 


Il = opN, 


The proportionality coefficient o is numerically equal to the 
probability of interaction between the neutron and nucleus 
on condition that a beam of neutrons of unit flux density 


1 
0.01 0.4 1.0 10 EnyeV 


Fig. 8.1 Schematic re- Fig. 8.2] Dependence of the reaction cross 
presentation of reaction section o for “5In on neutron energy E, 
cross sections (black cir- 

cles) in a flat target 


(p = 1 neutr./m?-s) is incident on the target surface and 
there is only one nucleus per 1 m? of the target (V, = 1 nu- 
cleus/m?*). 


The latter equation can be rewritten in the form 


From the dimensions [II] = m-*?-s-1, [p] = m-?-s-! and 
(N,]=m~ it can be seen that effectively o is an area referred 
to a target nucleus. The neutron induces a nuclear reac- 
tion whenever it crosses the surface of a conditional sphere 
(blace circles in Fig. 8.1) with a sectional area o. The cross 
section for all nuclei of a 1 m* target is oN,. Thus of the 
@ neutrons uniformly incident per second on 1 m? of the tar- 
get, oN,@ neutrons will react with the nuclei. 
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The quantity o is called the effective cross section for the 
reaction of interaction between the particles and nuclei (or 
shorter, the reaction cross section or simply cross section). The 
cross section for a reaction and the geometric sectional area 
of nuclei are of the order of 10-8 m?. Consequently for the 
sake of convenience a special unit for nuclear cross sections 
has been chosen which is called the barn, 1b = 10-8 m?. 

The reaction cross section o and geometric cross section of 
a nucleus in general differ. Thus the reaction cross section 
for *°°U and 0.025 eV neutrons is 705 b whereas the geomet- 
ric cross section is only about 2.5 b. This difference is due 
to the wave properties of the particles interacting with the 
nuclei. Because of this the reaction cross section not only 
differs from the geometric value but also depends on the 
particle energy. 

The cross section for the reaction between ***In and neu- 
trons as a function of neutron energy is shown on a logarith- 
mic scale in Fig. 8.2. Up to E, ~ 0.5 eV the cross section 
varies inversely proportional to the neutron velocity v 
(1/v law). For energies E, > 0.5 eV the energy dependence 
of o is similar to that for the probability density f (W) 
(Sec. 3.3). The cross section peaks o,,; are located at certain 
neutron energies £,;. The most probable energies of a com- 


pound nucleus level W; = en) + rem E,,; correspond to 


these peaks (€, is the binding energy of the neutron in the 
compound nucleus). The energy range in which the cross 
section o (En) possesses a peak and also the values of o, 
and £, and finally the cross section peaks themselves are 
called resonance values. The 1°In nuclide has several peaks in 
the resonance region. The highest resonance peak (o, = 
= 3x 10*b) is located at the resonance energy E, = 
= 1.44 eV. 

With increase of energy the peak heights which correspond 
to other excited states decrease, and the energy levels be- 
come bruader. For kinetic energies E,~ 1 keV the level 
spacing of heavy nuclei is less than the resolution of the meas- 
uring instruments and the levels cannot be separated. As a 
result the cross section o measured experimentally decreases 
and monotonously approaches the geometric cross section 
of the nucleus xf. 
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The potential barrier impedes tho interaction between a 
charged particle and the nuclous, [f the kinetic energy of the 
bombarding particles is less than the height of the potential 
barrier not all particlos interacting with the nucleus will 
induce a nuclear reaction. Somo will be scattered by the elec- 
tric field of the nucleus. The others which do pass through 
the barrier may evoke a nuclear reaction. The fraction of 
particles penetrating the potential barrier in collisions with 
nuclei is equal to the transmission coefficient D. 

The energy of charged particles interacting with a nucleus 
is not equal to the energy £& the particle had at the surface 
of the target. Before encountering the nucleus a charged par- 
ticle spends part of its energy on ionization and excitation 
of the target atoms. The longer the path the particle trav- 
els before colliding with the nucleus, the higher the ioni- 
zation losses in the target and the less the energy of the par- 
ticle. Thus nuclear reactions are induced by charged parti- 
cles with energies between E — AE and £, where AE is 
the ionization loss of the particle in the target. 

Ionization losses are not substantial in thin targets with 
thicknesses much less than the path length of the particle. 
In such targets the energy of charged particles is practically 
constant. 

If allowance is made for the transmittance of the nuclear 
potential barrier, the reaction rate per 1 m? of a thin tar- 
get for a flux density of monoenergetic particles @ can be 
written as 


Il = oDQNn, 


The product oD can be determined on the basis of experi- 
mental measurements. This quantity is usually accepted as 
the reaction cross section and denoted simply as o. It takes 
into account the effect of the nuclear and electric properties 
of the target nucleus and also the properties of the particle 
of formation of the compound nucleus. The transmission 
coefficient D rapidly increases with growth of the particle 
energy and is unity at particle energies exceeding the height 
of the potential barrier, V,. The reaction cross section be- 
haves in a similar manner. 

A typical dependence of the reaction cross section o 
on energy of a charged particle #, is shown in Fig. 8.3. 


Nuclear Reactione 177 


The cross section becomes noticeable at an energy La~ 
~ 0.0 Vy. It then grows rapidly and at energies Eg > Vy 
gradually approaches the geometric cross section of the nu- 
cleus, 7R*. For some reactions such as %3Al (a, p) 7{Si 
several resonance peaks on the cross section curve are observed 
at energies up to E, ~ V,. 

Let o denote the cross section 
for formation of a compound 
nucleus. The various modes 
of decay of the compound nu- 
cleus can be characterized by: 
the respective cross sections. 
Thus o, is the elastic scatter- 
ing cross section, 0;, the ine- 
lastic scattering cross section 0 
and o, the particle absorption 
cross section [for an (a, b) ‘7 He Dependence - ae 
action]. The ratios o,/0, o;,/0 on _cros : 
and o,/o are the probabilities Ba OF a coatged parvicle 
or compound nucleus | decay 
involving elastic scattering, inelastic scattering or particle 
absorption respectively. Of a total of II nuclear reactions 
(o,/o) II particles are scattered elastically, (o,,/0)II parti- 
cles are scattered inelastically and (o,/o)II particles are ab- 
sorbed by the nucleus. Since the excited compound nucleus 
must certainly decay via one of the output channels the 
total probability of its decay 


o,/0 + Oi,/o + o,/0 = 1 


and hence 
Oo = 0, + On + Oa 


The reaction yield Y is directly related to the cross sec- 
tion of a reaction. It is defined as the fraction of particles 
which interact with the target nuclei. The reaction yield Y 
can be found by dividing the reaction rate per square metre 
of the target by the particles flux density g. In a thin target 
the flux density and particle energy do not vary significant- 
ly and hence may be regarded as constant quantities. In 
this particular case the reaction rate per m? of target is 


I, = o,Nap 
1201244 
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where N, is the number of nuclei per square metre of the tar- 
get, nucl./m?; o, is the cross section for an ith reaction (i = s, 
in, a). Dividing the reaction rate by the flux density ¢ we 
obtain the reaction yield for a thin target, 


Y; — 0,N, (8.4) 


The number of nuclei in a target of 1 m? area and 1 m 
thickness is equal to the number of atoms in a cube of 1 m’ 
volume and therefore for a 1 m? target with a thickness 6 
the number of nuclei will be 


N,= Ld 6.02 x 10% nucl./m2 


{nserting this expression for N, into formula (8.4) we ob- 
tain 


Y= pe 6.02 x 1028 


Example. Find the yield of the reaction of absorption of 
0.025 eV neutrons in a thin copper target of thickness 
= 1 mm; for copper o, = 3.77 b, p = 8.89 X 10? kg/m', 
= 63.5. 


New = Sexi 6.02 x 1026 = 8.42 x 10% nucl./m3 


The number of nuclei in a 1 mm thick target of 1 m? area 


N, = 8.42 x 10% x 107° = 8.42 x 10** nucl./m? 
The reaction yield according to formula (8.4) is 
Y, = 3.77 x 10-* x 8.42 x 10 = 3.2 x 10-3 


8.5 Nuclear Reactions Induced by Charged Particles. 
The Nuclear Photoeffect 


Reaetions induced by a-particles. Information on the 
structure of the nucleus was first obtained in studies of 
the (a, b) reaction. By using natural a-emitters physicists 
were able to establish some regularities pertaining to nu- 
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cleat reactions which later were employed, for example, 
iv develop the model of the compound nucleus. 

Besides the first reaction of this kind, ''N (a, p) ZO, 
other luportant reactions wore discovered. Of special impor- 
tance are the (a, m) reactions. Neutrons were first obtained in 
the {Be (a, v) XC reaction in which beryllium was bombard- 
ed by a-particles. Even at present (a, n) reactions are used 
as laboratory sources of neutrons. 

Most (a, n) reactions terminate in the formation of un- 
stable, positron-emitting nuclei. Some artificial radioactive 
substances have been obtained by means of these reactions. 

Reactions induced by protons. The potential barrier of 
a nucleus is twice as low for protons as for a-particles. The 
(p, 6) reaction can therefore proceed at lower energies. Pro- 
tons with energies up to 400 GeV can be obtained in particle 
accelerators. 

The splitting of lithium by protons was first observed by 
Cockcroft and Walton. Protons were accelerated in a linear 
accelerator up to 700 keV. Under the action of the protons 
the ;Li nucleus splits into two a-particles. The 7Li (p, a) He 
reaction is exoergic with a reaction energy Q.= 17.3 MeV. 
When the reaction proceeds along a different output chan- 
nel, sLi (p, y) {Be, gamma quanta with an energy E, = 
= 17.3 MeV are emitted. 

Reactions induced by deuterons. The deuteron consists of 
two nucleons, the proton and neutron. Its binding energy is 
2.225 MeV which is less than in other multinucleon nuclei. 
The weak binding of the nucleons in the deuteron explains 
some features of the (d, b) reaction. This type of reaction may 
proceed via the compound nucleus, in which case the deuter- 
on is absorbed by the target nucleus; however, it may also 
proceed without the formation of a compound nucleus by the 
so-called “direct” reaction. At low deuteron energies the neu- 
tron penetrates the nucleus and is stripped from the proton 
which cannot enter the nucleus because of the repelling cou- 
lomb forces. A result of this breaking of the neutron-pro- 
ton bond is that the direct (d, p) reaction takes place. 

With increase of deuteron energy the probability that the 
proton surmounts the potential barrier and enters the nucleus 
increases. In this case two competing direct reactions, (d, p) 
and (d, a), occur. Radiative capture of deuterons is a rare 
12° 


180 Atomic and Nuclear Physics 


event because on absorption of the deuteron the target nu. 
cleus is excited to an energy Wey = &n ol &p — 2.225 x 
mw 14 MeV, where e, = tp © 8 MeV is the proton-noutron 
binding energy in the compound nucleus. With such a high 
excitation energy the compound nucleus ejects with a high- 
er probability a nucleon rather than emit a y-quantum. 

Nuclear photoeffect. Absorption of a y-quantum by a nu- 
cleus may induce either the (y, 7) oF (y, p) reaction. These 
reactions are said to occur in the nuclear photoeffect. Ener- 
getically the nuclear photoeffect can occur only if the energy 
of the y-quantum is greater than the nucleon binding energy 
in the nucleus. The threshold of the photoeffect is particular- 
ly low for the deuteron in the {Be nucleus. The deuteron can 
be split into a proton and neutron by 2.225 MeV +-quanta 
and the threshold energy of the *Be (y, 7) ,Be reaction is 
only 1.67 MeV. 


8.6 Nuclear Reactions at High Energies 


Absorption of particles with energies of 10-50 MeV re- 
sults in the formation of a strongly excited compound nu- 
cleus. The excitation energy is so high that it is sufficient 
for the ejection of several nucleons. For example, 20 MeV 
neutrons can induce the 12C (n, 2n) 2C and $3Cu (n, 3n) §,Cu 
threshold reactions. The kinetic energy of the neutrons in 
these cases is used to remove one or two neutrons from the 
compound nucleus. 

For energies E,>> én, where ey is the binding energy of 
a nucleon in the nucleus, the particle practically interacts 
with a free nucleon. Thus for energies E, > 50 MeV the com- 
pound nucleus model cannot yield a correct description of the 
mechanism of nuclear reactions. 

In a collision between a very fast particle and a nucleon 
the latter may be expelled directly from the nucleus. It is 
moreover possible that several nucleons will be ejected simul- 
taneously, the number of emitted particles increasing with 
energy of the bombarding particle. Such a cascade of par- 
ticles produced by a 300 GeV proton in a photographic emu!- 
sion is shown in Fig. 8.4. Nineteen tracks of secondary pro- 
tons diverge from the point of collision between the imping 
ing proton and the nucleus. The tracks resemble rays from 
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8.7 Thermonuclear Reactions 


Matter heated to several million degrees radically changes 
its properties. At such temperatures the atoms are comple 
tely ionized and an electron-nuclear gas or plasma is formed 
which consists of free nuclei and electrons. Plasmas are usu 
ally termed in accordance with the type of nuclei they are 


0 AT7/2 


m 
Energy of nuclet 


Fig. 8.5 Maxwellian distribution of nuclei in a plasma (/), absorption 
cross section (2) and reaction yield (3) as a function of energy of nucleus 


made of (proton, deuteron etc.) or with the type of atoms 
yielding the nuclei (deuterium, tritium etc.) 

The nuclei and electrons in a plasma move with enormous 
speeds. As a result of numerous collisions between the par- 
ticles in the plasma a Maxwellian velocity distribution is 
established. 

The transmittance of a potential barrier for two interact- 
ing nuclei depends on their relative kinetic energy £. For 
two nuclei moving toward each other with the same kinetic 
energy £,, the value of E will be 4Z,. If the nuclei move in 
the same direction their relative kinetic energy will be 
E= 0. 

A Maxwellian energy distribution of nuclei in a plasma, 
{(E), is depicted in Fig. 8.5, curve 7. With increase of 
energy & the function f (£) at first increases, reaches a max- 
imum at & -~ kT/2 and then rapidly falls off. In a plasma 
there are slow nuclei with energies Fo< AT as well as a 
small fraction of “hot” nuclei with A> AT. 

Two light nuclei colliding in a plasma or target may coa- 
lesce and form a nucleus which is heavier than either of the 
two initial nuclei. This process is accompanied by the release 
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of energy. Reactions of this kind are called nuclear fusion 
reactions. The dependence of the cross section for absorption 
of one of the nuclei by tho other as a function of energy E 
is shown by curvo 2 in Fig. 8.5. With increase of £ the trans- 
mittance| of the potential barrier increases and o, sharply 
rises. For a givon energy £ the yield Y (£) of a fusion reac- 
tion is proportional to the product o, (Z) f (EZ). Nuclear 
fusion chiofly occurs near the maximum of the yield Y (Em) 
(curve 3). At energies far from Ep (E< Em and E> Ey), 
Y (E) + 0. In the first of these onergy ranges the cross sec- 
tion og is small and in the second the relative number of 
particles is insignificant. The area bounded by curve Y (£) 
and the energy axis is proportional to the amount of energy 
released from the plasma. As the temperature of the plasma 
increases the maximum of the Maxwell spectrum shifts to 
higher energies. Correspondingly, more nuclei will possess 
high values of o, and hence the energy release will be 
higher. 

At a certain temperature, called the ignition temperature 
Ty, the fusion process will be self-sustaining. This means 
that the energy liberated in the plasma is sufficient to keep 
the plasma temperature constant and to compensate for ener- 
gy losses and in particular for the energy radiated by the 
plasma. As the temperature 7 exceeds more and more 7, 
the rate of nuclear fusion increases as does the amount of 
energy liberated and an explosion might develop. The fu- 
sion reaction in a plasma is intimately related to the thermal 
motion of the nuclei and temperature of the plasma and for 
this reason such reactions occurring in hot plasma are called 
thermonuclear reactions. 

The ignition temperature depends on three factors: on 
the plasma density, composition and volume. The density of 
nuclei in a plasma is proportional to the density of the plas- 
ma itself. With increase of the plasma density tho rate of 
the thermonuclear reactions also grows and consequently 
the ignition temperature is reduced. In other words the 
higher the density the lower is the ignition temperature. 

The reaction cross section a, depends on the type of nu- 
clens. For a given energy it is greater for deuterons inter- 
acting with deuterons than for protons interacting with pro- 
tons. Therefore, if the densities of the nuclei and the plas- 
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ma temperatures are the same the rate of energy relense wif) 
be higher in a deuterium plasma than in a proton plasma and 
the ignition temperature will be lower in the former plasma. 

Energy losses from a plasma of infinite volume will he 
insignificant and the ignition temperature will be minimum. 
Energy loss through the surface will become appreciable as 
the plasma volume is decreased. An additional amount of 
energy must be released in order to compensate for this Joss. 
The ignition temperature of a finite-sized plasma is therefore 
higher than that of an infinite plasma. 

The temperature in the interior of some stars is 20-30 
million degrees. Stellar plasmas consists mainly of protons. 
The plasma is compressed by enormous pressures and the 
density is about 100 g/cm?. This corresponds to a proton den- 
sity of approximately 6 x 1075 per cubic centimetre. In 
such dense proton plasmas the synthesis of a-particles occurs 
and 26.7 MeV of energy per a-particle is liberated. All ener- 
gy produced in the plasma is expended in radiation through 
the surface and in maintenance of the star temperature. 

Thermonuclear reactions in a hydrogen plasma proceed at 
a very low rate. Over ten billion years are required for the 
synthesis of an a-particle in the solar plasma. Thus even in 
the dense solar plasma the energy yield is only about 2 ¥ 
x 10-§ Wikg. 

Scientists from many countries of the world are working 
on the problem of controlled thermonuclear synthesis of «- 
particles from deuterons and tritons. The following reactions 
take place in deuterium-tritium plasmas: 


d+d—>t4- p+ 4.0 MeV 
d+t>n+a-+ 17.6 MeV. 


The cross section for the second reaction is much bigger than 
that for the first reaction. As a result of this the two reac- 
tions proceed sequentially in the deuterium plasma whereas 
the second reaction is predominant in the deuterium-tri- 
tium plasma. 

Before thermonuclear reactions are made to serve the needs 
of man quite a few complex problems will have to be solved. 
A controlled thermonuclear reaction will occur in a device 
called a thermonuclear or fuston reactor. On tho earth it is 
difficult to obtain a plasma as dense as that in the sun because 


Ee ee Nuclear Reacttone 185 
no materiale oxist which can withstand pressures of sever- 
al million atmosphores. In a fusion reactor the plasma den- 
sity will necessarily be small and the temperature will be 
maintainod at tens or hundreds of millions of degrees. It 
is hopod that nt such temperatures a satisfactory rate of 
energy reloaso will bo achieved. The heated plasma must be 
confined in somo way in the compressed state and be insulat- 
ed thermally from the reactor walls since the melting temper- 
aturo of oven tho most infusible materials do not exceed a 
few thousand degrees. 

Sciontists are trying to solve the problems of plasma con- 
finement and thermal insulation by employing inhomogene- 
ous magnetic fields. A charged particle moving along a mag- 
netic line of force to a region of higher field strength is 
reflected by the field as a light ray is reflected by a mirror. 
Such reflecting magnetic fields have been called magnetic 
mirrors. 

The plasma is located in a vacuum chamber. Inside the 
chamber a magnetic field is produced with a flux density 
decreasing toward the centre of the chamber. This type of 
magnetic field compresses the plasma near the centre of the 
chamber and separates it from the chamber walls. Thus the 
inhomogeneous magnetic field serves as a thermal insulator. 
A chamber with magnetic thermal insulation is said to be a 
magnetic trap. 

The creation of reliable thermal insulation is a formidable 
task. One of the causes of instability of a plasma is the diffu- 
sion of the charged particles. As a result of collisions between 
themselves the particles change their motion in the plasma 
and some of them escape through the magnetic insulation. 
Other causes of plasma instability are fluctuations of the 
plasma volume, nonuniformity of temperature and density 
of the nuclei in the plasma. These factors alter the configura- 
tion of the external magnetic field and facilitate particle es- 
cape from the plasma. 

The plasma in a fusion reactor is heated to the ignition 
temperature 7. During the time of existence of the plasma, 
t, called the period of confinement, an amount of nuclei 
proportional to Nt will react (N is tho density of nuclei in 
the plasma). The quantity Nt is called the confinement para- 
meter. 
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The power of a fusion reactor can be divided into two com. 
ponents, Charged particles produced ino the thermonuclear 
reaction are slowed down in the plasma itself. This decalera. 
tion of charged particlos yields about 20% of the power. 
About 80% (the second component) is carried off by neu- 
trons, 

For a plasma of a given composition and volume V there 
is a minimal value of the confinemont parameter (Nt), for 
which the first power componont componsates the power re- 
quited for maintaining the plasma at the suitable tempera- 
ture. The quantity (Nt), is called the Lawsonjeriterion. For 
a deuterium-tritium plasma (7, ~ 10° K) (Nt), = 3 x 
X 10" s/em$ and for a deuterium plasma (7, ~ 5 X 108 K) 
(Nt), = 10" s/em’. Ignition of a deuterium-tritium plasma 
therefore occurs at lower temperatures and lower values of 
the Lawson criterion than ignition of a deuterium plasma. 
For this reason deuterium-tritium plasmas will be employed 
in the first thermonuclear reactors. 

Investigations on controlled thermonuclear fusion of nu- 
clei were initiated in the Soviet Union at the beginning of 
the 1950's. The theoretical and experimental studies of the 
properties of plasma were carried out by such outstanding 
scientists as Academicians I. V. Kurchatov and L. A. Artsi- 
movich. As a result of several decades of work it seems that 
the design of power thermonuclear reactors may be feasible 
in the near future. 

One of the best studied models of a fusion reactor is the 
Tokamak installation. The name is derived from the first 
letters of the Russian words “tok” (current), “kamera” (cham- 
ber) and “magnitnaya katushka” (magnetic coil). 

The Tokamak consists of an air-tight toroidal chamber 
with two concentric walls (Fig. 8.6). The inner steel wall and 
outer copper wall are separated by a vacuum gap and are 
insulated from each other electrically. Magnetic coils pro- 
ducing a longitudinal magnetic field in the chamber are 
mounted on the copper wall. The chamber and magnetic coils 
are placed on a magnetic core with the primary coil. The 
Tokamak is essentially a transformer with a one-turn 
secondary coil (the plasma). 

Before being filled with gas (deuterium or deuterium-tri- 
tium mixture) a high vacuum is created in the chamber. Af- 
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ter introduction of the gas at low pressure the primary coil 
is energized and breakdown and ionization of the gas take 
place. The electric current flowing in the ionized gas heats it 
to a high temperature. 

Magnotic thermal insulation is produced by superimpos- 
ing two magnetic fields. The first and major magnetic field 
is that created by the electric current in the plasma. [t 
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Fig. 8.6 Tokamak installation 


1—primary winding; 2—magnetic coil, 3—steel casing; 4—plasma; 5—copper 
jacket; 6—iron core 


compresses the plasma radially and confines it in the cham- 
ber. The second, controlled, magnetic field, produced by pas- 
sing an electric current through the magnetic coils, is used 
for stabilization of the plasma. 

Studies carried out on installations of the Tokamak type 
showed that the confinement time t increases with increase of 
the plasma cross section. In the Tokamak-10 (USSR) and 
PLT (USA) the sectional area of the chamber is approximate- 
ly 0.5 m? and plasma volume about 5 m*. With the Toka- 
mak-10 (or briefly T-10) a plasma temperature of 107 K 
and confinement parameter Nt = 4 =. 10" s/em® have been 
attained, To obtain a self-sustaining thermonuclear reaction 
the temperature of the plasma will have to be increased 
about 10 times and the confinement parameter 50 times. 
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At present Tokamak-type devices are being designed in the 
USSR, USA and Japan with chambers having cross sexticns 
between 3 and 12 m? and plasma volumes between (0) and 
400 m*. The plasma temperature and confinement parameters 
in these devices should not differ substantially from the ig 
nition temperature and Lawson criterion. 

Thermonuclear reactors will find wide application as ener- 
gy sources. Various ways of transforming the energy of fu- 
ture thermonuclear electric stations are being studied in var- 
ious laboratories. According to one proposal neutrons emit- 
ted from the plasma are slowed down in a thick layer of 
matter surrounding’the chamber (blanket). The heat pro- 
duced in the blanket is removed by a heat carrier. If liquid 
lithium is pumped through the blanket the slow neutrons may 
induce the °Li (n, t)*He reaction and hence tritium which is 
burnt up in the plasma can be reproduced. 

In a hybrid type of reactor the blanket is made of **U. 
Neutrons with energies E > 1 MeV induce fission of ™U 
and an energy of 200 MeV per fission is liberated. In this 
kind of reactor the second power component increases by sev- 
eral times. Plutonium, which is a nuclear fuel for fission 
reactors, can also be produced in the blanket. Indeed neu- 
trons can elicit, along with fission, the (m, y) reaction in 
2381: 238U (n, y)2°U. Subsequently 2°°U decays into Pu: 


2s0ty Fs 239Np F Py 


New problems have been posed as a result of development 
of powerful lasers. One might inquire, forexample, whether 
it might not be possible to raise the temperature of a frozen 
deuterium-tritium pellet to the thermonuclear ignition tem- 
perature by irradiating it by laser light pulses and not em- 
ploying confining magnetic fields. Neutrons from a lithium 
deuteride pellet irradiated by laser pulses were first recorded 
in 1963 by a group of Soviet scientists headed by Academician 
N. G. Basov. The neutrons were formed in a thermonuclear 
reaction. These results have been confirmed in the USA 
and France. 

What takes place in the pellet? Under the action of a 
10-% s laser pulse the surface layer of the pellet evaporates 
and goes over to the plasma state and the plasma is subse- 
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quently heated to several tens of millions of degrees. The 
thermonuclear reaction develops during a time t~ 10°° 8. 
A rapid growth of tho plasma pressure takes place and the 
pellet ultimately breaks up into numerous fragments. One 
of the problems boing studied in connection with the laser 
thermonuclear technique is how to transform the explosion 
energy into heat. 

Laser thermonuclear fusion will be energetically profitable 
only if the explosion energy exceeds the amount of ener- 
gy expended. The energy gain depends on the energy of the 
light pulse, which determines the initial temperature of the 
plasma, and also on the method of irradiating the pellet. 

On unilateral irradiation of the pollet the confinement pa- 
rameter Nt does not exceed 10% s/cm® (confinement time 
t~ 10~° s, density of nuclei N~ 5 X 10” nucl./cm’). A 
confinement parameter of this magnitude is sufficient only 
for compensation of the expended onergy. ‘The amount of 
energy liberated greatly increases if a small sphere of a 
frozen deuterium-tritium mixture is irradiated from all 
sides by using many lasers. A sphere irradiated in this way 
changes into a plasma blob exerting a pressure of 10% atm. 
Under such conditions the donsity of the plasma and hence 
the energy gain increase by hundreds of times. 

Laser thermonuclear fusion heretofore has been investi- 
gated only in the laboratories. According to theoretical esti- 
mates in order to obtain an appreciable energy gain, power- 
ful lasers with light pulse energies of10°-10° J arerequired, 
these energies exceeding by 10*-10® times those obtainable 
from present-day lasers. The construction of a laser set-up 
capable of yielding such high onergies is one of the major 
problems to be solved. 

The amounts of deuterium and lithium in nature aro onor- 
mous and the solution of the controlled thermonuclear reac- 
tion problem would signify that mankind has acquired a 
practically inexhaustible onergy source. 


8.8 Transuranic Elements 


Natural elements fill the periodic table up to uranium 
(Z == 92). Those elements which aro beyond uranium in the 
periodic table are called transuranic. ‘I'hey are all radioactive 
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and have half-lives which are small compared to the age 
of the earth. It is because of this that the transuranic ele- 
ments have decayed long ago and are not encountered on the 
earth under natural conditions. 

Thorium, protactinium, uranium and the transuranic ele- 
ments comprise the actinide group. In the periodic table the 
actinide elements are arranged below the lanthanides which 
form a group of 14 elements. There are also 14 elements in 
the actinide group. Up to 1940 only the first three actinides 
found in nature, i.e. thorium, protactinium and uranium, 
were known. The remaining 11 elements of the actinide 
group (Table 8.1) have been produced in nuclear reactions. 


Table 8.1 
Transuranic Elements 

i ar of 

Element Symbol number perp rrr discovery 
Neptunium Np 93 231-241 1940 
Plutonium Pu 94 232-246 4940 
Americium Am 95 237-246 1944 
Curium Cm 96 238-250 1944 
Berkelium Bk 97 243-250 4949 
Californium Cf 98 244-254 1950 
Einsteinium Es 99 246-256 1953 
Fermium Fm 100 250-256 1954 
Mendelevium Md 104 255-256 4955 
Nobelium (No) 102 253-255 1957 
Lawrencium Lr 103 257 1961 
Kurchatovium Ku 104 260 1964 
Nielsborium Ns 105 — 1970 


Most isotopes of the transuranic elements are f-emitters. 
This property has been used to obtain isotopes of the trans- 
uranic elements. The first isotope of a chemical element with 
an atomic number Z = 93 was obtained by the American 
physicist McMillan in 1940. Natural uranium, consisting of 
the isotopes **%U (93.3%) and *,U (0.7%) which are «-emit- 
ters, was irradiated with neutrons. Among others, the 
reaction "°U (n, y) "8U occurred; this was followed by B- 
decay of the "U with a half-period of 23 minutes in accord- 
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ance with the reaction 
aol) > eNp-- fh" + Vv 


Thus a new element with Z = 93 was formed and called 
neptunium. At present 14 isotopes of neptunium with mass 
numbers ranging between 234 and 241 are known. The most 
suitable for studying the chemical properties of neptunium 
is the isotope 28’Np which has a half-life of 2.2 x 10° years. 


3 e 
It is produced as a result of the series of transformations 


B- 
“aU (1, 2n) 4,0 > “osNP 

*37N p is a member of the radioactive series with mass num- 
bers A = 4n + 1. In the decay products of B-active neptu- 
nium isotopes the atomic number is raised to 94. The 
chemical element with an atomic number Z = 94 has been 
named plutonium. 

Of all plutonium isotopes the most interesting from the 
scientific and practical viewpoints is **°Pu with a half-life 
of 24000 years. Under the action of neutrons *89Pu under- 
goes fission and energy is liberated. Due to this property 
289Pu is used as a nuclear fuel in atomic power stations. 

Extensive investigations of the transuranic elements have 
been carried out by a group of American scientists at the 
University of California in Berkeley (Seaborg, McMillan 
and others). They obtained new elements by bombarding 
heavy targets (A ~ 240) with deuterons or a-particles ac- 
celerated in the cyclotron. Thus americium Am and curium 
Cm were produced as a result of the transformations 


B- 


238 241 
ogU (a, m) *,Pu io years 


241 
Am 
239 

aaPu (a, m)*2?Cm 


Recently, beams of *3C, 5‘N and '°0O nuclei have been used 
to vbtain transuranic elements. In this case Z increases after 
the reaction by 6-8 units. Einsteinium Es, fermium Fm, men- 
delevium Md, lawrencium Lr and other chemical elements 
were produced by this technique. As an example, irradia- 
tion of #*U by 'N nucloi accelerated to 100 MeV indueed 
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the reaction 
3 U (IN, Gn) Mo los 


Soviet physicists (G. N. Flerov and others) have produced 
a number of isotopes with atomic numbers of 102, 104 and 
1405. The element with atomic number 104 has been called 
kurchatovium (Ku) in honour of Academician I. V. Kur- 
chatov and the element with Z = 105 nielsborium in 
honour of N. Bohr. 


CHAPTER 9 | 
‘COSMIC RADIATION | 


9.1 Nature of Cosmic Radiation 


The primary cosmic radiation is a stream of high energy 
particles falling upon: the earth from outer space. It can 
be divided into two components, the galactic cosmic ra- 
diation (GGR) and solar cosmic radiation (SCR). 

The GCR consists of light nuclei of which 91.5% are 
protons, 7.8%'a-particles ‘and the'rest are nuclei with atom- 
ic numbers ranging from 3 to 30. The energies of the 
primary particles vary between 0.1 and 10° GeV/nucleon and 
the mean energy of the GCR is approximately 3.5 GeV/nuc- 
leon. The energy ofa primary particle is equal to the energy 
referred to a nucleon multiplied’ by the mass number of 
the particle. =~ Rae ae 
- According to a theory of the Soviet physicists V. L. Gin- 
zburg and I. S. Shklovsky the GCR arises in explosions of 
supernovae and novae occurring in the Galaxy. In these 
explosions enormous amounts of particles are thrown’ out 
into space. The interstellar space is permeated by a magnetic 
field. There are two theories in which it is assumed that 
the magnetic field may play a role'in the acceleration of 
the cosmic ray particles. it ow oS 

According to one of the theories cosmic ray particles are 
accelerated just as electrons are in a betatron. It is as- 
sumed that the magnetic field in interstellar space is time- 
varying. In some spatial regions it increases and in others 
decreases. The energy of particles'in the increasing magnet- 
ic field is enhanced under the action of the electric field 
induced by the varying magnetic field. Energy is imparted 
quite rapidly but the energy gain is not very high. 

The second, .so-called statistical mechanism of accele- 
ration’ proposed by Enricu Fermi in 1949,'is based on the 
assumption that the interstellar magnetic fields are very 
13—01244 
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inhomogeneous. In some regions the field strength is) much 
greater than in the surrounding regions. These magnetic 
field blobs which resemble magnetized “clouds” move in 
space. If a charged particle collides with a moving cloud 
it is reflected by it. Such collisions are similar to those be- 
tween a light and heavy particle. If the kinetic energy of a 
light particle is smaller than that of the heavy particle the 
light particle will acquire energy. Cosmic particles are 
accelerated in an analogous way. On reflection from a cloud 
it acquires energy, just as a light particle does from a heav- 
ier one. The statistical acceleration mechanism is a much 
slower process than the betatron mechanism. However, 
theoretical estimates show that precisely in the statistical 
mechanism cosmic particles can be accelerated up to 
10® GeV/nucleon. 

The magnetic fields in outer space are oriented randomly. 
The cosmic particles thrown out into space at certain parts 
of the Galaxy cover enormous distances. They are repeat- 
edly scattered by the magnetic fields in various directions 
and, hence, most of the cosmic ray particles do not have 
any predominant direction. This is the reason why the GCR 
is isotropic and the particles strike the earth in all direc- 
tions with equal intensity. The flux density of the primary 
cosmic particles does not depend substantially on time and 
is of the order of 1.0 x 104 particle/m?-s. 

The SCR is caused by solar flares and consists mainly 
of protons with energies up to 50 GeV. The SCR is time- 
dependent. Observations carried out over a period of many 
years have shown that there is a periodic change in the 
SCR intensity which is repeated every 11 years. The solar 
activity is maximum about six years and is followed by 
the period of the quiet sun. 

During the period of maximum solar activity short 
flares occur. During these outbursts intense jets of protons 
are ejected by the sun. The total flux density of the parti- 
cles is 10! part./m2-s and the flux density of protons with 
energies between 1 and 50 GeV is about 2 X 10° part./m?-s. 

Low-energy electrons and protons which fill the inter- 
planetary space are also continuously being emitted from 
the surface of the sun. This radiation which moves with a 
speed of 300 km/s is called the solar wind. The proton and 


Cosmic Radiation 195 


electron density in the solar wind is not’ high and is 
approximately 107 part./m?. 

In recent years the investigation of outer space has be- 
come of interest not only from the theoretical point of 
view but also from a practical one. Thus artificial satellites 
are used for telecommunication and television. 

Spacecrafts and artificial satellites of the earth are 
constantly subjected to the action of the cosmic radia- 
tion. At high intensities the radiation may damage the 
scientific apparatus or have a deleterious effect on the health 
of the astronaut. Therefore in order to choose suitable ra- 
diation protection and also the best trajectory and time of 
flight, a knowledge is required of the composition of the 
cosmic radiation and the time and energy distribution of 
the cosmic particles in circumterraneous space (the space 
near the earth) and in interplanetary space. The dose rate 
of the GCR in interplanetary space is estimated to be 
2 mrad/h. In circumterraneous space the GCR dose rate 
grows with the distance above the surface of the earth. 
It also depends on the angle of inclination of the plane of 
the artificial satellite orbit with respect to the plane of 
the equator. This dependence is due to two factors. Part 
of the GCR which falls upon the opposite side of the earth 
is absorbed and does not contribute to the dose rate. Se- 
condly, the magnetic field of the earth deflects charged par- 
ticles and this may decrease the dose rate of the GCR at 
certain points of measurement. For example, if the plane of 
the orbit is inclined at an angle of 60°, the equivalent dose 
rate rises from 1.0 mrem/h (at a height of 200-600 km above 
the surface of the earth) to 3.0 mrem/h (at a height of 
7000-8000 km). 

The dose rate of the SCR during solar flares may be much 
higher. According to calculations made by American scien- 
tists the equivalent dose of the SCR at unprotected points 
may reach 1.8 x 10* rem; in the control compartment of 
the Apollo spacecraft it was 343 rem. Thus forecasting of 
solar flares is required before prolonged space flights are 
undertaken. Such forecasting should ensure that the flight 
proceeds during a period of minimal intensity of the SCR. 

Fast primary particles colliding with nuclei in the upper 
layers of the atmosphere split them. Secondary cosmic rays 
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are formed which consist of protons, neutrons, pions ang 
other particles. Most of the primary particles are absorhey 
in the top layers of tho atmosphere and only a few (wit), 
energies exceeding 10° GeV) can pass through the atmo. 
sphere and retain an energy of about 1 GeV. 

At heights of 20-30 km the primary particles cause chain 
multiplication of particles. The nucleons and pions creat- 
ed by the primary particles have energies which are suf- 
ficiently high for them to induce further particle produc- 
tion in subsequent collisions with nuclei. In this way 
nuclear showers are formed in the atmosphere. They occupy 
comparatively small volumes in the atmosphere. They be- 
gin disappear as soon as the energy of the secondary nucleons 
is reduced to several tens of mega-electronvolts. The re- 
maining proton energy is spent in ionization of the air. 

Part of the neutrons is absorbed in the ‘$N (nm, p)*4C, 
“4N (n, ap)*Be and other reactions in which radioactive 
atoms are produced. Other neutrons are slowed down and 
absorbed by nuclei in (m, ) reactions. 

More extensive showers of secondary particles originate 
from neutral pions. On decay they produce two photons 
with a total energy of not less than 135 MeV (rest energy of 
the x°-meson). In the field of a nucleus the photon may cre- 
ate an electron-positron pair (Fig. 9.1). These electrons 
and positrons with energies of over 62.5 MeV passing near 
a nucleus experience bremsstrahlung and the photons thus 
emitted may produce further electron-positron pairs etc. 
Thus photon-electron showers are formed in the atmosphere. 
This particle multiplication in showers occurs in a sequence 
of repetitive cycles. Each cycle consists of two stages: the 
photons are first transformed into electrons and positrons 
and the latter then produce photons. 

A photon-electron shower develops as long as the pho- 
tons produced expend their energy in the production of elec- 
tron-positron pairs. With decrease of photon energy the 
photoelectric effect and Compton effect become predominant 
and the shower begins to die out. Photon-electron showers 
extend over areas of soveral square kilometres. At a height 
of around 15 kilometres the cosmic radiation contains main- 
ly electrons, positrons and photons. Only a few of these show- 
er particles reach the surface of the earth. At sea level, 


Coemie Radiation 197 


electrons and positrons comprise less than 30% of the total 
cosmic radiation. 

A part of the charged pions decay without having inter- 
acted with nuclei. Muons and neutrinos are formed in the 
decay of these particles: 

m+ —> p+ 

Since the pion energy may reach several giga-electronvolts 
the muons move with a velocity close to that of light. 
The penetrating power of muons in matter is very high. 
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Fig. 9.1 Formation of electron-positron shower in the atmosphere 


From a height of 20-30 kilometres, at which. they are 
formed, the muons can not only reach the surface -of the earth 
but penetrate deep into its crust. The high penetrating 
power of muons can be ascribed to a number of their pro- 
perties. First of all, muons (similar to electrons) do not 
react readily with atomic nuclei and hence are not absorbed 
by them. The main mode of interaction between muons 
and nuclei is electromagnetic interaction. However, since 
the muon mass is 207 greater than the electron mass theit 
radiative losses are tens of thousand times smaller. At sea 
level, about 70% of the cosmic ray particles are muons. 
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9.2 Radiation Belts of the Magnetosphere 


Since 1957 artificial satellites of the earth and spacecrafts 
are being launched in the Soviet Union and in the USA. 
Precise and sensitive apparatus for measuring radiation are 
carried by many of these vehicles. The data obtained in re- 
cent years have contributed significantly to our understand- 
ing of the circumterraneous space. ; 

The earth is an enormous magnet. The space surrounding 
the earth in which its magnetic field exists is called the 


Fig. 9.2 Inner (J) and outer (//) radiation belts in the magnetosphere 


magnetosphere. It extends over distances of tens of thousands 
of kilometres. Data obtained by means of various space 
vehicles have shown that the magnetosphere and interplan- 
etary space are filled with a plasma consisting mainly 
of protons and electrons. The density of the charged parti- 
cles in the magnetosphere is not uniform. There are two big 
regions, which are effectively magnetic traps in the magne- 
tosphere, in which the density of the charged particles is 
enhanced (Fig. 9.2). These regions are called the outer 
and inner radiation belts. In the equatorial plane the boun- 
daries of the inner radiation belt are at 500 to 6000 km 
from the earth’s surface. The boundaries of the outer radia- 
tion belt are at 20000 and 60000 km. The inner belt is 
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filled with 30-100 MeV protons and electrons with energies 
below 100 keV. The outer belt contains mostly electrons with 
energies of several hundred keV. 

The charged particles in the radiation belts move _be- 
tween the magnetic poles of the earth along the lines of 
force. Near the poles the magnetic lines of force become 
denser and the charged particles are reflected from the poles 
as from a mirror. 

The protons and electrons in the inner radiation belt 
originate from neutrons. The latter are formed in nuclear 
reactions between the primary particles which penetrate 
the radiation belt and nuclei of the atmosphere. Neutrons 
can move freely in the magnetosphere and finally decay into 
protons and electrons, part of which are contained in the 
inner belt. Some of the charged particles in the radiation 
belts originate from the interplanetary plasma. Those plas- 
ma particles which enter the magnetosphere are accelerated 
and contained in the belts. The time-average of the charged 
particle density in the radiation belts is constant. Obviously 
the escape of particles from the belts is offset by the en- 
trance of new particles. 

The magnetic field near the earth’s surface is not homo- 
geneous. In this part of the magnetosphere several magnetic 
anomalies have been observed, the magnetic flux density 
being relatively low. In the magnetic anomalies the parti- 
cle flux densities are unusually high and hence they have been 
called radiation anomalies. The most prominent are the 
anomaly in the southern part of the Atlantic Ocean and that 
near the shores of the Antarctica. These anomalies are re- 
lated to the radiation belts: the south Atlantic to the inner 
belt and the Antarctic to the outer belt. The radiation belts 
in the regions of the radiation anomalies are only 200-300 
km above the earth’s surface. The density of the air at such 
heights is still perceptible. 

A charged particle is contained in the radiation belt over a 
given period of time. Thus the average lifetime of a charged 
particle in the inner belt is one year. When a particle 
enters the magnetic anomaly it is swept out of the radia- 
tion belt by the atmosphere. 

Information on the radiation dose rates near the earth's 
surface has been obtained by studying the radiation belts. 
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The dose rates have been found to depend on the location in 
the belts. Tho highest rate is observed in the inner radia- 
tion belt where it exceeds 108 rem/h. The peak rate is found 
near the centre of the belt where it is 10° rem/h. In the outer 
belt the dose rate grows from 30 rem/h at the outer boundary 
to 10° rem/h at the centre of the belt. 


9.3 Elementary Particles. 


Elementary particles are particles with an unknown in- 
ternal structure. The concept of elementariness is condition- 
al and depends on the level of our knowlédge. Less than 
70 years ago the atom was regarded as an elementary entity 
although we now know it possesses a complex structure. At 
present nucleons are still referred to as elementary particles 
notwithstanding the fact that models of their structure 
have been proposed. ; 

Theoretical physics predicts the existence of antiparti- 
cles for the majority of particles. A particle and its antipar- 
ticle have the same mass, spin, charge and magnetic mo- 
ment but the last two quantities differ in sign. a 

When a slow particle and its antiparticle interact they 
annihilate and other particles are formed. An example of a 
particle and antiparticle is an electron-positron pair. The 
absolute values of the magnetic moments of the electron and 
positron are the same. However, the magnetic moment of 
the positron is directed along the spin whereas that of the 
electron is directed opposite to the spin. On annihilation 
a positron and an electron are transformed into photons 
with a total energy of not less than 1.02 MeV. | 

Two elementary particles, the photon and neutral pion, 
do not have antiparticles. In this case the particle and anti- 
particle are identical. Antiparticles are usually denoted bv 
writing a bar over the symbol of the particle (Table 9.‘). 
Some antiparticles are denoted by special symbols (e.g, 
the positron, negative pion etc.). The elementary particles 
are usually divided into four groups, the photons, leptons, 
mesons and baryons. A brief description of each of the 
groups follows below. 

Photons are particles of the electromagnetic field. They 
have a-unit spin and are therefore bosons. The interaction 
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between photons and charged particles is of an oloctromagnet- 
ic nature, 

Leptons are light fermions (spin 1/2) and include the 
neutrino, electrons, negative muons and their antiparticles. 
Leptons can interact with each other and with other parti- 
cles. A characteristic feature of the leptons is that they an- 
nihilate and are produced in pairs and therefore the number 
of leptons is constant. This law is expressed by ascribing 
to each lepton a lepton charge. It is —1 for antileptons and 
+1 for leptons. The total lepton chargo of a system, sim- 
ilar to the electric charge, is the sum of the lepton charges 
of all the particles. In all kinds of transformations the total 
Jepton charge: is conserved, such is the formulation -of the 
law of conservation of lepton charge. As an example consider 
the decay of a negative muon, 


prose +u+y 


. There is one lepton charge in the left-hand side of the 
equation. For the lepton charge to be one in the right-hand 
side three leptons must be formed in the muon decay, viz. 
an electron, neutrino and antineutrino. In a similar way it 
can be shown that an antineutrino is emitted in B--decay and 
a neutrino in ft-decay. 

The interaction of the strongly penetrating neutrinos with 
matter is 10'° times weaker than that of charged leptons. 
One of the reactions induced by the antineutrino is that 
involving interaction with the proton, 


ptv->ntet 


Detection of the products of this reaction has confirmed 
Pauli’s hypothesis on neutrino emission in B-decay. 

Mesons. This group includes particles with zero spin and 
masses between those of leptons and nucleons (pions, kaons). 
They are strongly absorbed by baryons. On the other hand 
their decay products are leptons. Thus the meson group is 
intermediate between leptons and baryons. 

Baryons. These are particles possessing a nuclear (baryon) 
charge. Baryons have a nuclear charge of -{ 4 and antiba- 
ryons a nuclear charge of —1. It has been possible to produce 
antibaryons (antiprotons, antineutrons otc.) only by em 
playing such powerful accelerators as the proton synehtotron. 
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The antiproton and antineutron were first detected by Ame- 
rican physicists in 1955-1956 with the Brookhaven proton 
synchrotron. 

Baryons, like leptons, are created and annihilate in pairs. 
Therefore the total baryon charge of a system of particles 
is conserved in all types of transformations. A particular 
case of this law of conservation is the law of conservation 
of nucleons. An example of the law of conservation of ba- 
ryon charge is the decay of the sigma-plus hyperon, 


p+ 
d+ 


n+ mnt. 


The sigma-plus hyperon can decay along two channels. 
In each case the baryon charge at the left and right is one 
since pions have neither baryon nor lepton charge. 

The decay products of some elementary particles are pres- 
ented in the last column in Table 9.14. The decay scheme 
of antiparticles is the same as that for particles with the 
difference that particles in the decay products are replaced 
by antiparticles and vice versa. On such substitution ‘the 
electric, lepton and baryon charges should be conserved. 
Decay of the sigma-minus hyperon and antihyperon, for 
example, proceeds according to the equations 


Y-sntn7; Don4+nt 


Over 200 particles and antiparticles have been discovered; 
only a part of them is presented in Table 9.1. A unified clas- 
sification encompassing the multifarious elementary parti- 
cles, something resembling the periodic table of elements, 
is one of the tasks facing theoretical physicists at present. 


CHAPTER 10 


NEUTRON PHYSICS 


10.1 Properties of Neutrons 


The neutron was discovered in 1932 by the English phy- 
sicist Chadwick who proved theoretically and experimen- 
tally that beryllium bombarded by a-particles emits neu- 
tral particles with a mass close to that of the proton. Because 
it does not possess an electric charge the particle was called 
the neutron. 

The neutron mass can be measured in various ways. In 
one type of experiment the deuteron is split into a proton 
and neutron by y-quanta, 


d+y—>p+n es 


The minimum y-quantum energy required for splitting 
the deuteron is 2.225 MeV. According to the Einstein equa- 
tion this corresponds to a mass defect AM =0.00239 amu. 
The deuteron and proton masses have been determined by 
mass-spectrometry measurements and are m4 = 2.04355 
amu and m, = 1.00727 amu. From the expression for the 
mass defect we get 


My = Ma — Mp + AM = 1.00866 amu 


The value of the neutron mass generally accepted at present 
is m, = 1.0086652 amu. 

The difference between the masses of the neutron and 
proton is greater than the mass of the electron. Because 
of this the free neutron is radioactive. It disintegrates into 
a proton, electron and antineutrino, 


n—>p+BP+¥ 


The measurement of the neutron half-life is a formidable 
experimental problem. One of the difficulties is that neu- 
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tron during their movennat jin mather ara continuguely 
Latin abmorbesdt by thee nected in tine whilet are much minh) 
er thea Chev tall Ufo of the neutron, A niutron beni in panned 
through a cylindrical vaciim chamber, On passage through 
the chambor part of the niutrons decays, The decay products 
(protons and electrons) are meparatod by sn alyctrio field, 
They ace deflected in opposites directions, porpondiculss to 
the chamber axin and are thon recorded, The proton and 
electron counters are conneeted to a coineidence circuit, 
The coineldonce rats AN/AL, whieh is equal to the rate of 
neutron decay, and the number of neutrons traversing the 
chamber por unit time, NV, are measured, On the basis 
of these data the decay constant can be evaluated, 
A atl ((/N). The most precise measurements yield 
for the half-life a value of 14.7 min. 

All nuclei, oxeept the hydrogen nucleus, contain neutrons, 
Bound neutrons in the nucleus, jn contrast to free neutrons, 
can oxist an Infinitely long time, 


10.2 Neutron Sources 


Characteristics of the sources. Neutrons sre produced in 
nucloar reactions and in spontaneous fission of nuclei, Neu. 
tron svurces aro Classified in accordance with the type of 
reaction Involved, mode of obtaining the bombarding par- 
ticlos otc. 

A noutron source is characterized by its intensity P and 
neutron energy spectrum f (/). ‘The source intensity P is the 
number of neutrons emitted by the source per unit time. 
It can vary in a broad range, from 10° to 10! neute./s oF 
higher. For some sources, such as a nuclear reactor, the 
neutron flux density ~ is a more convenient characteris- 
tic. In powerful nuclear reactors may he as high as 
10'* neutr./m?-s, The neutron energy spectrum is the distri- 
bution in energy of the neutrons emitted by the source. ‘Ihe 
spectrum of sume sources is discreto and that of others, con- 
tinuous. 

Besides Po and { (/) another charactoristic used is the 
neutron yleld Y. This is the fraction of a-purticles which 
induce an (a, n) reaction in the source. If the rate of en- 


Neutron Physics 207 


trance of particles into the source is NM part./s, the source 
intensity will be 


P=YN 


(a, v) Reaction. Some sources in which neutrons are 
produced in the (a, mn) reaction are the radium-beryllium 
(Ra-Be), polonium-beryllium (Po-Be) and plutonium-bery]- 
lium (Pu-Be) sources. The 2!°Po, ?28Ra or #8*Pu a-emitting 
atoms are mixed uniformly with beryllium atoms and the 
mixture is enclosed in an air-tight metal capsule. One type 
of Ra-Be source, for example, consists of an capsule con- 
taining a fine beryllium powder suspended in an aqueous 
solution of a radium salt. 

Radium, polonium and plutonium emit a-particles with 
energies between 4.8 and 7.7 MeV. This energy is sufficient 
for the a-particles to surmount the potential barrier of the 
beryllium nucleus which is approximately 4 MeV high. 
However, most of the a-particles interact with the atomic 
electrons and are slowed down to energies less than 4 MeV. 
Thus only one in about (1-1.5) x 104 a-particles penetrate 
the beryllium nucleus and induce the °Be (a, n) °C reaction. 
The neutron energy spectrum of the Ra-Be, Po-Be and 
Pu-Be sources are continuous, the energies varying between 
1 and 13 MeV. The mean neutron energy is about 4-5 MeV. 

The neutron yield of Ra-Be, Po-Be and Pu-Be sources 
depends on the way of preparation of the mixture, on the 
size of the beryllium grains in the mixture, uniformity of 
mixing of the a-emitter and beryllium etc. Ordinarily it is 
expressed by the rate of neutron emission from the source 
referred to 1 Ci of the radioactive substance. The neutron 
yield of a well prepared Ra-Be source may be as high as 
2 x 107 neutrons per second per Ci of radium. It should be 
mentioned that some of the disintegration products of ra- 
dium (radon, polonium, bismuth) are also a-emitters and 
about 6/7 of the neutron yield is due to them. Because of the 
long half-life of radium (1620 years) the neutron yield of 
a Ra-Be source is practically constant. A shortcoming of 
this source is its high gamma-activity. The sources are kept 
in special containers which absorb y-rays. 

None of the disintegration products of polonium are a- 
emitters and hence the neutron yield of a Po-Be source per 
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Ci of polonium is about seven times smaller than that per () 
of radium. In practice the Po-Be source is more convenient 
since for equal activities the y-cquivalent of the Po-f-. 
source is approximately 5 x 10° times smaller than the 
y-equivalent of the Ra-Be source. On the other hand, the 
half-life of polonium is only 138.4 days. Hence, the activity 
of polonium and therefore the intensity of the source con- 
siderably decrease with time. The alloy PuBe,g is usually 
used in Pu-Be sources. The source intensity is stable 
[71/2 7?*Pu) = 2.4 x 10¢ years] and is 1.4 X 10° neutr./s-Ci. 

Photoneutron sources. Many radioactive substances emit 
y-quanta whose energies exceed the neutron binding energy 
in *Be nuclei (1.665 MeV) and D nuclei (2.225 MeV). This 
fact is exploited to obtain neutrons in the D(y, n)H and 
*Be (y, 7)®Be reactions. In a photoneutron source the cap- 
sule with the radioactive substance (@4Na, Ga etc.) is 
embedded in the target (Be, D,O). :The neutron energy is 


A—1 
E,= A (Ey—€n) 


where e, is the binding energy of the neutron in the target 
nucleus. . 

If a radioactive substance emits a single y-line with 
an energy £, which exceeds the threshold of the (y, n) reac- 
tion, the energy spread of the neutrons produced in the source 
will not be very high. However, since the neutrons are 
slowed down.in the source itself the energy spread of the 
neutrons is correspondingly increased. 

The neutron yield in photoneutron sources depends on the 
cross section for the (y, m) reaction, o,, and on the thickness 
of the target, 6. The cross section for beryllium and y-quan- 
tum energies EZ, > 1.7. MeV is 0.5-1 mb. For a beryllium 
target thickness of 1 cm the neutron yield is close to 10-*. 
The intensity of photoneutron sources does not exceed 
107-10° neutr./s. Photoneutron sources are employed in 
laboratories and as standard neutron sources. The precau- 
tions which must be taken in work with photoneutron sources 
are the same as in work with Ra-Be sources. 

Spontaneous fission of nuclei. The nuclide $°Cf can be used 
to obtain fission neutrons. The nuclide decays along two 
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channels, 
A = aA - ‘ 
zi |- z,¥ |- (A) n 


mcf 


a Cm 

Spontaneous fission (7; = 86 years) occurs in 3% of the 
nuclei. One gram of californium emitsabout 3 x 10! neutr./s. 
Uhe useful lifetime of a californium source is determined by its 
a-decay (7,/, ~ 2.6 years) into curium nuclei which ac- 
counts for 97% of the decays of the 7°*Cf nucleus. 

Charged particle accelerators. The neutron flux densities 
from the Ra-Be, Po-Be and (y, m) sources are quite low. 
The progressing acceleration technique has offered experi- 
mental physicists powerful and convenient neutron sources. 
Neutrons are obtained by directing accelerated charged par- 
ticles (protons and deuterons) onto a target containing light 
atoms for which the neutron binding energy is small (deu- 
terium, tritium, lithium). The reactions 7Li(p, n)7Be 
(reaction threshold energy 1.88 MeV), D(d, n)’He and 
(d, n)*He are induced in the target. These reactions are 
employed to obtain monoenergetic neutrons. The neutron 
yield is particularly high for deuterium- or tritium-con- 
taining targets bombarded with fast deuterons. 

Nuclear reactor. Another powerful source of neutrons is 
the nuclear reactor (see Part two). The neutrons are produced 
as a result of fission. The neutrons are guided out of the 
reactor into the laboratory through special tubes. The spec- 
trum of neutrons from a reactor is continuous. Its shape 
depends on the composition of the reactor. 


10.3 Neutron Spectrometers 


Neutron energy spectra are measured with neutron spectro- 
ineters. We shall consider one type of slow-neutron spectro- 
meter, the so-called time-of-ilight spectrometer. 

The time-of-flight spectrometer consists of a neutron 
suurce (nuclear reactor, fast-particle accelerator), neutron 
counter and time analyzer. A beam of slow neutrons (fy < 
<1 eV) from the nuclear reactor is directed to a rotating 
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mechanical chopper (Fig. 10.1). This is a cylinder wit}, 
alternating layers of aluminium and cadmium. Therma| 
neutrons freely pass through aluminium but are completely, 
absorbed by cadmium. During each half-revolution the 
direction of the aluminium layers (which are effectively 
slits for the neutrons) coincides for an instant with the 
direction of the neutron beam and thus a neutron pulse is 


Fig. 10.1 Time-of-flight spectrometer 


1—concrete shield; 2—collimated thermal neutron beam; 3—aluminium and 
cadmium layers; 4—aluminium; 5—cadmium; 6—steel casing; 7—neutron pulse; 
8—neutron detector 


transmitted by the chopper. All the rest of the time the 
neutron beam is absorbed by the cadmium. 

The mechanical chopper transforms a continuous neutron 
beam into a sequence of pulses. Short neutron pulses are 
obtained by rotating the cylinder at a speed of 30 000 rpm 
which corresponds to 1000 pulses per second. 

The neutron pulse then enters a detector (proportional 
counter, scintillation counter etc.) located at a distance L 
from the chopper. This distance L is called the flight path. 
Since the neutrons in the bunch have different velocities 
the neutrons spread out along the flight path. A neutron 
with a velocity v covers the flight path ina time t = Liv 
which is called the time of flight. The fastest neutrons reach 
the detector in a time ¢, after the opening of the slit in the 
mechanical chopper and the slowest ones after a time ¢). 
Thus, the time of flight of neutrons in a pulse, ¢, varies 
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between ¢, and ¢,. The time can be measured with a time 
analyzer which is switched on synchronously with the open- 
ing of the chopper. 

Electric pulses produced by the neutrons in the detector 
are sent into a time analyzer. In each Ath channel neutrems 
with times of flight between ¢, and f, -} At are recorded, 
Since At/t,< 1, the neutron velocity for this particular 
time interval is v, = Lit, and therefore the energy be 
= m,L*/2tt. The total number of neutrons with energies 
E™ is recorded in the kth channel. The ratio of tho number 
of pulses in the Ath channel to the number recorded in all 


channels is denoted by f(ES”). The neutron energy spectrum 
can be plotted on the basis of this function. The channel 
width, At = (t, — t,)/k, depends on the number of channels 
in the time analyzer. In modern analyzers the number of 
channels may be several thousand; neutron energy spectra 
can therefore be measured with a high degree of accuracy. 

Neutrons with energies exceeding 1 eV are weakly absorbed 
by cadmium. For such‘ neutrons the cadmium and alumi- 
nium in the mechanical chopper are replaced by nickel 
which has a large neutron scattering cross section. Nickel 
reflects the neutrons and does not transmit them through 
the chopper. Periodic transmission of the neutrons is at- 
tained by making slits in the nickel. 

Charged particle accelerators of continuous operation 
(linear accelerators, cyclotrons) can be rapidly switched 
on and off. Thus short particle pulses can be obtained. 
The charged particles produce a pulse of fast neutrons 
(E, > 0.1 MeV) in the target. The neutrons are first slowed 
down in a slab of some light substance (paraffin etc.) and 
then reach the starting point of the flight path. In this case 
the neutron source consists essentially of the accelerator, 
slowing down substance (moderator) and target. 

The spectra of fast neutrons (E, > 0.1 MeV) can also be 
measured by other means. One method is based on the abil- 
ity of fast neutrons to suffer clastic scattering and is called 
the recoil nucleus method. A neutron scattered elastically 
into some angle 0 imparts a fraction of its energy to the 
recoil nucleus and moves with a velocity v, (Fig. 10.2). The 
recuil nucleus moves with a velocity v at an angle » with 
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respect to the initial neutron velocity cy. Angle qo is cabled 
the recoil angle. The equation relating the energy hy and 
mass number A of the recoil nucleus to the neutron energy 
E, and recoil angle @ can be derived from the laws of con: 
servation of energy and momentum and is 


Ep = pear En cos" y (10.1) 
If E,, ¢ and A are known the neutron energy may readily 
be calculated. In cloud or bubble chambers and in photo. 
graphic plates recoil nuclei form visible tracks. The track 
length depends uniquely on 
the energy of the recoil 
nucleus. Thus E£, can be 
found by measuring the 
track length. The energy 
spectrum of fast neutrons 
can be determined by mea- 
suring the track distribu- 
tion for a given recoil angle 
which is the angle between 
the incident beam and the 
. : ; track. The neutron detec- 
ee ag agen eras a tors are usually filled with 
number A hydrogen-containing sub- 
stances. In this case the fast- 
neutron energy spectrum is determined by measuring the 
recoil proton tracks (A = 1) The length of these tracks is 
the largest compared to those of other particles. With 
increase of track length the experimental errors decrease. 
Fast-neutron spectra can also be determined by measuring 
the energies of recoil protons in ionization chambers or 
proportional counters filled with hydrogen or methane and 
also by using scintillation counters with organic phosphors 
(stilbene etc.). According to equation (10.1) the energy of 
the recoil protons varies between zero (p = n/2) and 
E, (g = 0), where E, is the initial neutron energy. The 
energy distribution of the recoil protons is first determined 
and the neutron energy E, is then derived. If the recoil 
proton distribution is measured for all neutron energies, one 
can readily determine the fast-neutron spectrum. 
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10.4 Neutron-induced Nuclear Reactions 


The main reactions induced by neutrons are elastic and 
inelastic scattering and absorption of neutrons. 

The behaviour of the cross section for the (n, 6) reaction 
depends on the energy range. Because of this neutrons are 
divided into thermal (E, < 1 eV), medium (1 eV< £,< 
< 0.1 MeV) and high energy (or fast) neutrons (E, > 
> 0.1 MeV). Correspondingly, the energy is divided into 
three ranges: thermal, medium and fast. Medium neutrons 
with energies between 1 and 1000 eV are called resonance 
neutrons and the respective energy range the resonance range. 
Sometimes thermal and resonance neutrons are united in 
a single group of so-called slow neutrons. 

Elastic scattering. This reaction is analogous to an elastic 
collision between two balls. In elastic encounters a redi- 
stribution of kinetic energy between the neutron and nu- 
cleus occurs without any attendant alteration of the internal 
state of the nucleus taking place. 

Elastic scattering of neutrons is divided into potential 
and resonance scattering. The wave properties of the neu- 
tron is of foremost importance in potential elastic scatter- 
ing. The neutron is reflected from the surface of the nucleus 
as a wave. Resonance elastic scattering involves the com- 
pound nucleus. The total neutron elastic scattering cross 
section Os = Ogp -+ Osr, Where Og, and O;, are the cross sec- 
tions for potential and resonance elastic scattering. In the 
vicinity of the resonance peaks o,, >> Osp and far from the 
peaks Ogp > Og-- 

In the high energy region the potential scattering cross 
section, Ogp, like the cross section for compound nucleus 
formation, o, approaches the geometrical sectional area of 
the nucleus nR?. The experimental data on the total cross 
section o, = 6+ Osp for energies Ey > 15 MeV yield a 
value for the proportionality coefficient « in the formula 
for the nuclear radius R (see formula 3.4) which is equal to 
1.4 fermi. 

The elastic scattering cross sections 6, for most substances 
depend on the neutron energy only in the high-energy range 
and are almost constant in the thermal and intermediate 
ranges. An exclusion is hydrogen. In the thermal range the 
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cross section o, for hydrogen (Fig. 10.3) sharply drops from 


80 to 20 b, remains constant in the intermediate region and 
then again falls down to 4-5 b in the high-energy region 
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Fig. 10.3 Dependence of cross section for scattering of neutrons by 
hydrogen, o,, on neutron energy Ey 


Inelastic scattering. Fast neutrons may experience both 
elastic and inelastic scattering as exemplified by the equa- 
tion 

$X +n—>*(ZX)-+n 


As a result of this reaction the target nucleus is transferred 
to the excited state. The inelastically scattered neutron 


Ofn 


Et En 


Fig. 10.4 Dependence of inelastic cross section o;, on neutron energy F,. 


imparts to the nucleus a part of its kinetic energy which is 
exactly equal to the excitation energy. On transition to the 
ground state the excited nucleus emits y-quanta. 
Inelastic scattering is a threshold reaction, the threshold 
A--t a). 
Wo. 


energy, being, according tu formula (8.3), Ein = 
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where Wis the onergy of tho first excitod state of the ou 
cleus. With growth of the mass number, W, is reduced from 
several million electronvolts to 100 keV or even less, Hence 
inelastic scattering of noutrons occurs only in the high 
energy region and mainly on heavy nuclei. 

The inelastic scattering cross section (Fig. 10.4) bogins 
to exceed zero at tho threshold energy. Ht reaches a maxitmnurn 
at energies botween 410 and 15 MoV (Table 10.1). 


Table 10.1 
Inelastic Scattering Cross Section for 14 MeV Neutrons 


nr rE 


Element | Oy YD Klement | Wy» D 


Fe 1.43 2.47 
Cd 1.89 2.56 
Au 2.51 2.29) 


Neutron absorption. In the (n, b) reaction a neutron is 
absorbed and particle b is produced. Absorption of neutrons 
takes place in such reactions as (n, y), (n, a), fission, (m, 2n). 
If account is taken for all types of processes which may 
be involved in the absorption of neutrons, the total absorp- 
tion cross section may be written as 


Og = Oy + Og + Of + On + eee 


where o, is the radiative capture cross section, o, the cross 
section for the (n, a) reaction, o,f the fission cross section 
and o,, the cross section for the (n, 2n) reaction. 

In most nuclei only radiative capture of neutrons is ob- 
served up to 5 MeV (0, == 0,, Table 10.2). However, the 
(n, «) reaction (6, = O,) is characteristic for the *®B and 
‘Li nuclei and in the 735U nucleus radiative capture and 
fission are two competing reactions (0, = 0, + Oy). 

In the thermal region the cross section for most nuclei 
varies as 1/v, 


CO, - civ (10.2) 
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Table 10 2 
Reaction Cross Sections for} 0.025 eV Neutrons (in barns) 


In handbooks of nuclear physics the values of the cross 
section for 0.025 eV, o,,, are usually given. The correspond- 
ing neutron velocity is v, = 2200 m/s. At this velocity, i.e. 
when v = Uo, the cross section according to formula (10.2) 
iS Gag = c/vo. Thus the constant c = Oap’>- Hence 


Og a OaqolV 
If the neutron energy E, is expressed in electronvolts, 


Og = Day ) 0.025/E, 


Example. Find the absorption cross section for natural 
boron and 0.085 eV neutrons if the absorption cross section 
Oao = 755 b 


0, = 755 V 0.025/0.085 = 410 b 


An excited compound nucleus may expel two neutrons 
if its excitation energy is not less than the total binding 
energy of two neutrons in the nucleus. The threshold energy 
of the *Be(n, 2n)*Be reaction is 1.75 MeV. For the major- 
ity of nuclei the threshold energy of the (n, 2m) reaction lies 
between 8 and 10 MeV. The energy dependence of the oa, 
cross section is similar to that of the inelastic scattering 
cross section 6,, with the difference that o,,, begins to differ 
from zero at higher energies than 0,, does. 


10.5 Neutron Detection 


On passing through matter neutrons do not ionize directly 
the atoms and molecules as charged particles do. For this 
reason neutron. are detected on the basis of the secondary 
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effects which they produce in interacting with nuclei. These 
include the (n, a) reaction, (n, p) reaction, radiative cap- 
ture, inelastic scattering, fission of heavy nuclei and elastic 
scattering on light nuclei. 

All methods of neutron detection can be divided into 
two groups. In the first group neutrons are detected by the 
charged particles or y-quanta they produce in nuclear reac- 
tions. Prompt information on the neutrons in a certain 
volume can be obtained by these methods. In the second 
group the information from the detectors can be obtained 
only after a certain time of irradiation of the detector (ra- 
dioactive tracers, photographic plates). In one type of 
detector radioactive nuclei are formed (radioactive labelled 
atom technique) and in another, tracks are created (photo- 
graphic plates). A figure of merit of a neutron detector is its 
efficiency. Each type of detector is most efficient in some 
certain energy range. 

(nm, a) Reaction. The exoergic (n, a) reaction on light 
nuclei (3B, $Li) can readily be induced by neutrons. The 
reaction products create the primary ionization in the 
detector. Boron has found particularly wide application 
for neutron detection. The relevant reaction is 2B (n, a) 3Li. 
The 2.8 MeV of energy released in the reaction is carried 
off by the a-particle (1.5 MeV), recoil 3Li nucleus (0.8 MeV) 
and y-quantum (0.5 MeV). 

The ?°B absorption cross section at 0.025 eV is 4010 b. 
For energies up to 10 keV it varies as 1/v. 

The counting rate due to reaction between the neutrons 


and boron atoms is proportional to \ o,pdv. Since for B 
the cross section o, ~ 1/v and the neutron flux density 
y: - nv, the counting rate is proportional to \ n (v) dv, or 


the neutron density, which is the number of neutrons per 
unit volume of the detector. Boron detectors are especially 
efficient for measurement of slow neutrons (Ey, < 1 keV). 
Boron is introduced into the ionization chamber or other 
types of gas-filled detectors as the gas BFs. Alternatively, 
the electrodes may be coated with a layer of a boron-contain 
ing substance. Natural boron contains 18.8% of the iso 
tupe °B and 81.2% of "B which is a weak neutron absorber. 
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The average absorption cross section for the nuclei of na- 
tural boron is therefore 755 b. The efficiency of boron coun- 
ters can therefore be enhanced by using boron enriched in 
eB. Another way of increasing the efficiency is to surround 
the detector with a moderator. Slowing of the neutrons 
increases their probability of being absorbed by the boron. 

In scintillation counters boron can be introduced into 
the phosphors. The light flashes are caused by the a-particles 
and “Li nuclei. The resolution and efficiency of scintilla- 
tion neutron counters are higher than in gas-filled counters. 

An energy of 4.8 MeV is released in the *Li (n, a) T reac- 
tion. The electrodes of gas-filled detectors can be coated with 
lithium or the latter may be introduced into the phosphors 
of scintillation chambers etc. Lithium detectors are less 
efficient since the cross section for absorption by ‘Li is 
only 945 b at 0.025 eV and the content of the isotope in 
natural lithium is merely 7.5%. 

(nm, p) Reaction. In the *He(n, p)T reaction an energy 
of 0.8 MeV is released. The cross section op varies as 4/v. 
For a neutron velocity v, = 2200 m/s the cross section 
Opo = 9000 b. Spherical chambers and counters are filled 
with helium at a pressure of about 10 atm. At such pressures 
the efficiency of spherical chambers with respect to thermal 
neutrons is close to unity. 

Inelastic scattering and radiative capture. The y-quanta 
emitted by excited nuclei after radiative capture of in- 
elastic scattering of neutrons are usually recorded by scintil- 
lation counters. 

Fission of heavy nuclei. The 7°°U nucleus can be split 
into two nuclei (fission fragments) by neutrons of any energy. 
The electrodes of an ionization chamber, which in this 
particular case is called a fission chamber, is coated with 
a thin layer of a chemical compound containing uranium, 
for example with uranium dioxide. Some of the fission frag- 
ments produced in the layer as a result of neutron capture 
can enter the gas and ionize it. Fast neutrons can be mea- 
sured with threshold fission chambers. In such chambers thin 
layers of a compound containing *98U or 33?Th etc. are de- 
posited on the electrodes. Threshold fission chambers record 
fast neutrons with energies exceeding the fission threshold 
which is 1.0 MeV for 78U and *Th. 
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Recoil protons. Fast neutrons are recorded by the recoil 
proton technique. Some of the detectors are filled with 
hydrogen-containing gases (hydrogen, methane). In other 
detectors the clectrodes are coated with a hydrogenous 
substance. 

Fast neutrons can also be detected in chambers filled 
with argon, helium or other gases. A thin paraffin layer is 
placed before the entrance of the fast-neutron detector. The 
neutrons knock protons out of the paraffin which are then 
recorded by the detector. 

Neutrons can also be detected by the recoil protons pro- 
duced in a cloud chamber or bubble chamber filled with 
gaseous or liquid hydrogen respectively. Scintillation coun- 
ters with organic phosphors which contain sufficient amounts 
of hydrogen can be employed to count recoil protons. 

Radioactivation technique. The (n, b) reaction frequently 
involves the formation of f-active nuclei. The transforma- 
tion of a stable nucleus into a radioactive nucleus in the 
(n, b) reaction is characterized by the activation cross 
section Oact. This is the cross section for those (n, b) reac- 
tions in which radioactive nuclei appear. To illustrate, in 
the 7Ag(n, y)#8Ag reaction the stable '°7Ag nucleus is 
transformed into the radioactive 1°°Ag nucleus, the activa- 
tion cross section Ogcy being equal to the radiative capture 
cross section Oy. 

The amount of radioactive nuclei produced in a certain 
volume of matter depends on the neutron flux density @, 
activation cross section Ogcz, decay constant A, volume of 
matter and time of neutron irradiation. If the number of 
nuclei per square metre of a thin target of total area S is 
N, and the number of radioactive nuclei accumulated in 
the target after the beginning of irradiation is N then the 
rate of formation of radioactive nuclei Nin = OactNsqgS and 
the disintegration rate is AN. The quantity N will increase 
until equilibrium is reached between the formation and 
disintegration of the radioactive nuclei, AN = Tact-Vsps. 
After saturation of the target with radioactive nuclei ts 
attained, and this occurs after about five half-life periods, 
the activity of the target, a AV, is measured. The neutron 
flux density can then be found from this saturation actieity: 
= aldactV.S- 
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In the radioactivation technique neutrons are detected 
by the radioactivity they induce. Usually thin foils of var 
ious materials are employed (Table 10.3). An advantage 
of the method is that the fuils do not take up much space 
(an area of 5 cm? and thickness of about 0.05 mm are suffi- 
cient) and they are not sensitive to y-rays. 


Table 10.3 
Properties of Some Radioactivation Reactions 
Activation 
T t cross 
element Eo <b 095 ev,| Reaction eae nels Mev |  Haltciate 
barns 
7 Au 98 (n, y) | 298Au — 2.7 days 
107 Ag 45 n, ~ 108 A — 2.3 min 
100 Ag 116 (n, ) 110 Ag — 253 days 
us]n 155 (n, 116] p _ 54 min 
37 Al — (n, p) "Mg 2.2 9.45 min 
#25 — n, p) $2p 1.0 44.2 days 
12¢ _— (n, 2n) 11¢ 10.2 20.4 min 
14N = (n, 2n) | ¥8N 10.6 40.1 min 


Radioactivation foils in which B--active nuclei are pro- 
duced in the (n, ) reaction are used for detection of thermal 
and resonance neutrons. If the foil is shielded by a cadmium 
sheath, which absorbs practically all thermal neutrons, 
it will be activated only by the resonance neutrons. Without 
the cadmium sheath radioactivation will be induced by 
both resonance and thermal neutrons. The ratio of the foil 
activities without and with the cadmium absorber, a and 
a,, is called the cadmium ratio 

Rca = a/a, 

The resonance neutron flux density is proportional to the 
activity with the cadmium absorber in place, a,, and the 
thermal neutron flux density is proportional to the difference 
of the activities 

Qh => @— ar = (Rca — 1) a 


Krum this equation it can be seen that (Rea — 1) is propor 
tional to the ratio of the thermal to resonance neutron Hus 
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densities. The higher the cadinium ratio the smaller the 
fraction of resonance neutrons and vice versa. 

The radioactivation technique can also be used for thresh- 
old detection. In this case the irradiated foil consists 
of substances (Table 10.3) whose nuclei become f-active as 
a result of the (n, p) or (n, 2n) threshold reactions. The ra- 
dioactivity of the foil is proportional to the flux density 
eens possessing energies exceeding the threshold 
value. 


Example. A Au foil (9 = 19 300 kg/m*) 0.01 mm 
thick (6) and 10 cm? in area (S) is irradiated by a beam of 
thermal neutrons. The activation cross section for gold 
Sact = 98 b. Find the neutron flux density if the saturation 
activity of the foil a = 650 decays/s. 

The number of nuclei per square metre of the foil 


— 968 gr __ 19300 x 0.01 x 107% 
Nie ae 197 


x 6.02 «x 1076 ~ 5.9 x 1023 nucl./m? 


The thermal neutron flux density is then 


_ a _ 650 ss, 
P= GactVsS 98x 10-28 x 5.9 x 1083 x 10x 40-4 


~ 1.13 x 10° neutr./m?2-s 


10.6 General Law of Attenuation of the Neutron Flux Density. 
The Macroscopic Cross Section 


Neutrons moving in matter are scattered and absorbed 
by the nuclei. Let a parallel (collimated) beam of monoener- 
getic neutrons fall perpendicularly onto a plane target of 
thickness 5 (see Fig. 5.4 in which the y-quanta should be 
replaced by neutrons). Those neutrons which react are re- 
moved from the beam. At some depth z the flux density of 
the primary neutrons is reduced to some value g (z). The 
decrease of the neutron flux density, dp, in a thin layer 
dr is the product of the yield o,Ndz by @ (x), 


. dy = —a,9 (xz) Ndz (10.3) 
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where oy Ua i O, is the total cross section of the reactios 
and Vis the density of the nuclei in the target. The minus 
sign indicates that the neutron flux is reduced in the layer. 

Dividing both sides of the equation by q and integrating 
from zero to © we get 


In @ (z) = —No, (2) + € 


The integration constant C can be found from the boundary 
condition that at z=0, @ = q, and hence In @p = C. 
Inserting this expression for C in the previous equation we 
get 

In (9/@o) = —Noyzr 


Taking the antilogarithms we obtain the law of attenuation 
of a parallel beam in a plane target: 


@ (xz) = Gy exp (—Noiz) (40.4) 


The flux density @ (x) drops off exponentially with in- 
crease of the depth x. The flux density of primary neutrons 
at a given depth in the target depends on the cross section 
o, and density of the nuclei JN. 

The cross section o;, can be measured experimentally. One 
of the methods for measuring o; is based on the law of atte- 
nuation of the neutron flux density. If the neutron flux 
densities at the entrance, gy, and exit, ¢ (6), from the target 
are measured, it follows from equation (10.4) 


wa In Is Ciel 


where 6 is the target thickness. This method has been called 
the transmission method since the transmission coefficient 
T - @ (8)/@, is measured and the total cross section o, 
is derived from it. Methods for measuring the partial cross 
sections o, and o, have also been developed. Data pertaining 
ty neutron cross sections are presented in special manuals 
and handbooks of nuclear constants. 

The attenuation of a parallel beam in a target (equation 
(10.4)) depends on the total cross section for all the nuclei 
in a cubic metre: 

xy, No 


Neutron Physics __ 22 


oN ete er ane en es oe eae oh eee ae emma at mt a ane, 


a can be expressed in terms of the partial cross sections, 
Me =~ OF -} ag. Hence 
at = De =| xan 
Any cross section 
x, = No, (i =t, 3, a) (10.5) 
is called a macroscopic cross section whereas the 0; cross 
sections are called microscopic cross sections. 

In practical calculations the total and partial macroscopic 
cross sections are used. They can easily be calculated if 
the microscopic cross sections, density and composition of 
the target material are known. 

There is one nucleus in each atom. Therefore the nuclear 
density can be calculated by means of formulae (1.1) and 
(1.2). 

The macroscopic cross section for some ith process in 
a chemical compound is 


Di = N04, +- N.Oj2 4 eee + NvCin (10.6) 
Here i = t, s, a; k = 1, 2, 3, ..., m denotes the different 
types of nuclei in the molecule. 


Example. Calculate the macroscopic cross section for 
1 eV neutrons in water (9 = 1000 kg/m’, » = 18). The cross 
section for hydrogen and oxygen at this energy is ogy = 
= 20 b, OaH = 0.175 b; Oso = 4 b, O30 = 0. 

For the density of the oxygen and hydrogen nuclei we 
obtain from formula (1.2), taking into account that ny = 2 
and No = ie 
Ny = 2 x 10° x 6.02 x 1076/18 = 6.68 x 1078  nucl./m3, 
No = Nu/2 = 3.34 < 1078 nucl./m3 
Inserting into formula (10.6) the densities of the hydrogen 
and oxygen nuclei and also the respective microscopic cross 
sections, we get 
x, = 6.68 ~ 1078 « 20 « 10-78 + 3.34 « 10% x 4 > 

10-78 = 147.4 m7! - 1.474 em"), 
x, ~° 6.68 « 107° ~ 0.475 ~ 10-78 - 1.17 m-!-- 
O.0417 em7, 
By = 147.4 +. 41.417 = 148.6 m7! = 1.486 em-! 
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In nuclear physies manuals and handbooks the microseop 
ic cross sections are expressed in barns instead of square 
metres. It is therefore convenient to calculate the macro 
scopic cross sections in barns. Since 1 m? 107" h, a density 
of 10® nucl./m§ = 1 nucl./m-b. In order to express the 
nuclear densities N and N, in nucl./m-b, the right-hand 
sides of formulae (1.4) and (1.2) should be reduced 10° 
times: 


N=0.0602-£-, Ny=0.0602m, 2} (10.7 


If the densities for the hydrogen and oxygen nuclei are 
calculated by formulae (10.7) the cross section calculations 
will now be as follows: 


Nu = 6.68 nucl./m-b, No = 3.34 nucl./m-b, 

Zs = 6.68 x 20 + 3.34 x 4 =147.4m'=1.474em |, 
Da = 6.68 x 0.175 = 1.47 m-! = 0.0117 cm, 

Zt = 147.4 + 1.17 = 148.6 m-! = 1.486 em-! 


It follows from equation (40.3) that the reaction rate 
per unit volume 
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is proportional to the neutron flux density. Replacing the 
total cross section by the sum of the partial cross sections 


we may write 
ZeP = Lap + DaG 


The first term yields the number of scattered and the second 
the number of neutrons absorbed per m® of the material 
per second. 


10.7 Neutron Diffusion 


Mean free path. As discussed above, neutrons interacting 
with matter are scattered and absorbed by the nuclei. Those 
materials which predominantly scatter and only weakly 
absorb neutrons (0, >> 0,) may be termed scattering mate- 
rials. Those for which o, >> 0, are called absorbing substances. 
This division into scattering and absorbing substances 
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is of course conditional. In some energy range a substance 
may be scattering and in another range, absorbing. Boron, 
for example, is a good absorber of slow neutrons but only 
weakly absorbs fast neutrons. 
The path of a neutron in a scattering substance is a zig- 
zag line (Fig. 10.5) consisting of straight lines of free flight 


Fig,®10.5 Neutron paths in a,scattering substance 


between collisions. The distance a neutron covers between 
two consecutive collisions is the scattering free path (or scat- 
tering length). The scattering lengths are not the same, the 
distance covered between collisions being smaller in some 
cases than in others. After a number of scattering collisions 
the neutron is absorbed by the medium. The total path length 
traversed by a neutron after its appearance in the medium 
and up to its absorption is called the absorption free path 
(absorption length). Just as the scattering length, it is differ- 
ent for different neutrons. Some are absorbed after a few 
scattering events and others after a larger number of colli- 
sions. In absorbing media most of the neutrons are absorbed 
after a few collisions with the nuclei. In such media the 
neutrons do not migrate over a considerable distance. 
In practical problems it is not the history of each separate 
neutron that is of interest but the migration of a large 
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number of neutrons in a scattering medium. The moyo. 
ment of neutrons in such conditions resembles in’ man 

respects that of gases or liquids which is described by the 
laws of diffusion. When gas molecules collide there is , 
general movement from sites of higher density to sites «; 
lower density. The behaviour of neutrons is similar to thay 
of gases. The main difference is that neutron diffusion js 
due to scattering collisions with nuclei of the medium. |r 
should be noted that a collision between neutrons themselves 
is a rather rare event because the neutron density is from 
102 to 10+ times less than that of nuclei. 

The general movement of many neutrons in media may 
be characterized by the mean scattering length A, and mean 
absorption length 4,. They are related to the macroscopic 
cross sections by very simple equations: 


hi = 4/ Dis Ti s, a (10.8) 


In the theory of neutron diffusion it is assumed that all 
neutrons of a given energy have the same mean scattering 
length 4, and cover the same mean distance Ag before they 
are absorbed. The total mean free path is expressed by a 
formula similar to that for the partial cross sections, 


Me = 1/ De (10.9) 
From formulae (10.8) and (10.9) it follows that 
Ne = Asha/(Ag + Aa) 


The physical meaning of A, will be clear if we consider 
the attenuation law for a parallel beam of monoenergetic 
neutrons in a plane-parallel plate. The total mean free path 
of the neutrons is simply the thickness of a layer which 
reduces the primary neutron flux density by e times. In 
scattering media A, < A, and hence Ay ~ As. On the contrary, 
in absorbing media A, ~ Ag. Thus the mean free paths for 
0.025 eV neutrons in beryllium are A, = 1.15 cm, Ag = 
= 810 cm, 4, = 1.15 cm, and in natural boron A, = 1.2 cm, 
Ne = 1.4 x 107% cm and Ay = 1.1 x 10-3 cm. 

Average cosine of the scattering angle. The direction of 
a neutron scattered elastically by a nucleus is different from 
the initial direction, the angle between the initial and final 
velocities being anything between 0 and 180°. In central 
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collisions the neutron is scattered through an angle 0 = 180° 
and in noncentral collisions the angle 6 lies in the range 
0< @6< 180°. Only if neutrons are scattered by protons 
the scattering angle cannot exceed 90°, 8 < 90°. 

Neutron scattering is said to be isotropic if the scattering 
probability is the same for any direction. Asa rule, however, 


(a) (b) 


Fig. 10.6 Isotropic (a) and anisotropic (b) scattering of neutrons 


nuclei scatter most neutrons at angles 6 < 90° and fewer 
at @ > 90°. This type of scattering is said to be anisotropic. 
Isotropic and anisotropic scatterings are diagrammatically 
depicted in Fig. 10.6. The arrows show the direction of the 
scattered neutrons, and the lengths of the arrows are pro- 
portional to the probability f (6) that a neutron is scattered 
through an angle 0. 

Anisotropy of neutron scattering is characterized by the 
mean cosine of the scattering angle, » = cos 0. For isotropic 


scattering mn = 0 and for anisotropic scattering p > 0. If 


Table 10.4 


Average Cosines of the Neutron Scattering Angles 
for Various Nuclides 


Nuclide B Nuclide rm 
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the neutron energy ia not high, pe depends only on the mass 
number A, 


jt = 2/3A 


The anisotropy of neutron scattering is particularly high 
in hydrogen and deuterium (Table 10.4). With increase of 


the mass number A the mean cosine p tends to zero and 
hence it may be considered that for A > 10 scattering is 
approximately isotropic. 

Diffusion coefficient. A net flow of neutrons from = one 
part of space to another will occur spontaneously only if 
there is a difference in the neutron densities. 

The movement of neutrons from one site to another is 
impeded by the medium since the neutrons collide with 
nuclei of the medium and change the direction of their mo- 
tion. The higher the density of nuclei the more difficult 
it is for the neutrons to travel over even comparatively small 
distances. The net displacement depends on the difference 
between the neutron flux densities at the two sites under 
consideration. 

The movement of neutrons in a medium is characterized 
by the neutron flow, J, defined by the equation 


— — p42 
J=—D> (40.40) 


The first factor depends on the properties of the medium 
and is called the diffusion coefficient. It is inversely propor- 
tional to the number of scattering collisions of neutrons per 
unit length in the medium, 


D=},/3 (4—p) 


The neutron flow resistance is higher for media with small 
diffusion coefficients (water, beryllium). Even thin layers 
of such substances considerably weaken the neutron flux. 

The second factor (—dg/dz) takes into account the effect 
of the rate of variation of the flux density on neutron diflu- 
sion. The larger the difference between the neutron flux den- 
sities at two different sites, the higher is the rate of diffu- 
sion between the two points. The minus sign indicates that 
neutrons flow from higher to lower neutron flux densities. 
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There is a difference in the movement of fast and slow 
neutrons. Fast neutrons are slowed down since their energies 
are much greater than the energy of thermal motion of atoms 
of the medium. On the contrary, the energy of thermal neu- 
trons is comparable to that of the atoms and hence they may 
either be decelerated or accelerated depending on the rela- 
tive energies of the neutrons and atoms. 


10.8 Neutron Slowing-Down 


Elastic and inelastic scattering. Neutron sources emit 
fast neutrons. The fate of the neutrons depends on the com- 
position and size of the medium. As a result of elastic and 
inelastic encounters with nuclei the neutrons are slowed 
down. In finite-size media part of the slowed neutrons moving 
near the surface leak out of the medium. All these factors 
affect the spatial and energy distribution of the slowed 
neutrons. 

In heavy substances fast neutrons are slowed down to 
energies of 0.1-0.4 MeV as a result of inelastic collisions 
with nuclei, and then are either absorbed by the medium 
or escape from it. In an inelastic collision a fast neutron may 
spend the greater part of its energy in excitation of the nucleus. 
The lower energy limit for inelastic slowing-down is com- 
parable to the first excited level of the heavy nucleus. 

In light substances elastic slowing-down of neutrons occurs. 
In such media fast neutrons transfer practically all of their 
kinetic energy to the nuclei after several dozens of elastic 
encounters and are slowed down to thermal energies. Elastic 
slowing of fast neutrons by heavy nuclei is not effective be- 
cause only a very small part of the neutron energy is im- 
parted to a heavy nucleus in an elastic collision with it. 
If a medium consists of light and heavy nuclei both elastic 
and inelastic scattering will contribute to neutron slowing- 
down. The contribution of each of the processes depends on 
the volume content of each of them. If the volume contents 
are nearly the same most of the neutrons are first slowed 
down by inelastic collisions to energies of 0.1-0.4 MeV and 
then by elastic collisions down to thermal energies. 

Slowing parameter. The energy lost by neutrons in elastic 
scattering depends on the type of collision between the neu- 
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tron and nucleus and also on the mass of the nucleus. Max. 
imum neutron energy loss AEmax occurs in the case of , 
central collision with the nucleus (scattering angle @ = 130° 
recoil angle g = 0). According to equation (10.1) 


AE naz ae Ena = E, — E, = 4AE MA + 1)? 


where E, and £, are the initial and final energies of the 
neutron. A neutron colliding head-on with a hydrogen 
nucleus (A = 1) loses all its energy; in a central collision 
with a carbon nucleus (A = 12) 28% of the neutron energy 
is imparted to the nucleus, and in a collision with a uranium 
nucleus (A = 238) only 1.6%. Thus the amount of energy 
lost by a neutron in an elastic collision decreases with 
increase of the mass number A. 

Neutrons experience, as a rule, noncentral collisions 
(0 < g < 90°) for which AE < AEmax- The mean energy 
loss per collision, AZ, is half of the maximum value AE max; 


AE is not a convenient quantity to be used in practice since 
it depends on the initial neutron energy and decreases as 
the neutrons are slowed down. The quantity used in practice 
is the mean logarithmic neutron energy loss per collision, 
the slowing-down parameter &, 


= In E,— In FE, = In (E,/E,) 


The slowing parameter depends only on the mass number 
A and is the same in any energy range. Values of € for a 
number of substances are presented in Table 10.5. 


Table 10.5 
Slowing Parameter 


Nuclide Nuclide A 


4.000 Cc 12 0.158 
i: : 0.725 Na 23 0.084 
Be 9 0. 209 U 238 0.0085 
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The formula for the slowing-down parameter is very sime 
ple for mass numbers A > 9: 


E = 2/(A + 2/3) 


Since the slowing-down parameter does not depend on 
energy it is quite simple to calculate, for example, the mean 
number of collisions j experienced by a neutron slowed down 
from an energy E, to E, 


.  In(E,/E) 
J] = ——— 


In this formula In (£,/E) can be replaced by the difference, 


where Ey is a prescribed constant. The value Ey = 
= 2 x 10° eV is frequently employed in the calculations. 
The quantity wu = In (E,/E) is called the neutron lethargy. 
With slowing-down of the neutrons it increases and in the 
thermal range (E = 0.025 eV) uy, = 18.2. 

Let us rewrite the formula for 7 in the form 


j = (u— upy)/E 
and calculate the mean number of collisions on slowing- 
down the neutrons from u = 0 to uy, = 18.2 in hydrogen, 
beryllium and carbon. From Table 10.5 we find EY = 
= 1.000, Exe = 0.209 and Ec = 0.158. The mean numbers 
of collisions are then 


ju = 18.2, jee = 87, jo = 115 


Moderators. Each slowing neutron collides with nuclei 
of the scattering substance on the average X, = 1/A, times 
per metre path length and its lethargy is increased by &2s. 
The latter quantity is the slowing-down power of the substance. 
The higher the slowing-down power the faster neutrons lose 
their speed. 

Another characteristic of moderating substances is the 
neutron slowing-down coefficient 


km = E z/ Da,th 


where Sa.tn is the thermal neutron absorption cross section. 
The slowing-down coefficient is proportional to the ratio 
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of the specific rates of formation and absorption of therma| 
neutrons. The rate of formation of thermal neutrons increase. 
with increase of the slowing-down power and decrease of 
the absorption cross section. Light substances which posses: 
high values of the slowing-down power and of the neutron 
slowing-down coefficient are called moderators. 

Values of the neutron slowing-down power and slowing. 
down coefficients for a number of substances are presented 
in Table 10.6. The best moderator is heavy water (ky = 
= 20000). However, heavy water is expensive and water 
or graphite is usually used. 


Table 10.6 
Physical Characteristics of Moderators 

i ing- ing-down| Slowing-d 

Moderator ere : Sarenietes ‘ ae m1 coefficient 
Water 1000 0.924 135 70 
Heavy water 1100 0.515 18 .8 20 000 
Beryllium 1800 0.209 15 .4 159 
Beryllium oxide 2800 0.174 12.9 180 
Diphenyl mixture 1060 0 .886 16.4 118 
Graphite 1670 0.158 6.4 170 


The slowing-down power of alloys or chemical compounds 
can be calculated by the formula 


Eds — E,Ds1 is Eodse os cae Se oe een 


The subscripts i = 1, 2, ..., m correspond to the various 
nuclei in the alloy or compound; the €;,; are the respective 
slowing-down powers. 


Example. Find the slowing-down power of diphenyl] for 
4 eV neutrons. The density of’diphenyl is 900 kg/m® and 
its molecular mass p = 154.] From formula (10.7) we deter- 
mine the density of the hydrogen and carbon nuclei: 


Ny=10 es x 6.02 x 1072 = 3.5 nucl./m-b 


Ng=12x 75 x 6.02 x 10°? = 4.2 nuc]./m-p 
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Since Woy 20 b, Ore 4.8 h, tH 1 and E. ).158 
we find that the slowing down power of diphenyl is 


tr. = 1 < 3.5 x 20-4} 0.158 v 4.2 » 4B - 
= 73.2 m7 = 0.732 em-| 


Energy spectrum of slowing-down neutrons. Slowing neu- 
trons have a certain distribution in energy. In general it 
depends on the properties and size of the moderator, distri- 
bution of the fast neutron sources in the moderator and on 
the absorption of the neutrons. The shape of the energy 
spectrum is simplest for an infinite-size moderator and a 
uniform distribution of the fast neutron sources. In this 
particular case the energy spectrum of slowing neutrons is 
called the Fermi spectrum and can be expressed by the for- 
mula 

a (Od. 
9 (E)=45- & 


If the slowing-down power in the medium-energy region is 
constant, Q/E>, = B = const and 


o (E) = BIE 


Slowing-down length. Before a fast neutron becomes ther- 
mal it moves a certain distance away from the source. This 
distance is different for each neutron: some neutrons are 
thermalized near the source and others at appreciable 
distances from it. The mean distance from the source at 
which the neutrons are thermalized is the slowing-down length 
L,- If the neutron source is located at a distance 6< L, 
from the boundary surface of the medium, part of the slow- 
ing neutrons will escape from the medium. 

The distance a fast neutron travels from the source depends 
on three quantities, on the diffusion coefficient, slowing- 
down power of the substance and initial energy of the neu- 
tron. If the diffusion coefficient D is small, fast neutrons 
cannot migrate far away from the source. The slowing-down 
length will also be smaller if the slowing-down power 3x 
of the substance is high. Finally the neutron slowing-down 
length increases with the initial energy of the neutrons. 

If the scattering cross section of the medium depends 
weakly on the neutron energy, the square of the slowing- 
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teens 


down length, called the neutron age and denoted t, can ty. 
determined from the equation 


Li= yy Man 


Since the diffusion coefficient D is inversely proportions! 
and the macroscopic cross section is directly proportions! 
to the density of the substance, p, the neutron age L§ ~ 1/p?. 
Thus the slowing-down lengths, Z,, and Z,, in a given suh- 
stance with different densities, 9, and p, are related by the 
equation 


Lg == LsoPo/P 


The density of a solid depends on the technology of its 
production and does not vary appreciably with temperature. 
The density of graphite, for example, varies between 1650 
and 1800 kg/m® and that of beryllium, between 1750 and 
1850 kg/m. The density of a liquid does not depend on how 
it was produced but pronouncedly decreases with heating. 
Thus the density of water at 100 atm drops from 1000 to 
726 kg/m? as the temperature is raised from 20 to 300°C. 

The most exact information on the neutron slowing-down 
length can be obtained by direct measurements (Table 10.7) 
since for most moderators the scattering cross section de- 
pends on the neutron energy. The slowing-down length in 
a moderator whose density p differs from the table value py, 
can be calculated by means of the formula given above. 


Table 10.7 


Experimental Values of the Slowing-Down Length 
for 2 MeV Neutrons 


‘isan er sa EAE LL 


Slowing- Slowing- 
Density, down Density, down 
Moderator | 103kg/m3] length, Moderator 103 kg/m3 length, 
10-2 m 10-2 m 
i chee i aN a ee 
Water 1.0 5.2 [Beryllium 4.85 9.3 
Heavy wat- 1.4 41.2 [Beryllium 2.8 12.0 
er oxide 
Graphite 1.67 17.7. {Diphenyl mix- 1.06 0.6 


ture 


FE 
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10.9 Thermal Neutrons 


Neutron temperature. The energy of thermal neutrons 
migrating in a medium is about the same as the energy of 
thermal motion of the nuclei. After numerous elastic col- 
lisions with nuclei of the medium, an equilibrium velocity 
distribution of the thermal neutrons becomes established. 
The velocity distribution of gas molecules, and hence of 
thermal neutrons, is Maxwellian (see Fig. 1.1). The nen- 
tron kinetic energy corresponding to the most probable 
neutron velocity vp is 


E, = myv~,/2 = kTp 


By analogy with the gas temperature 7, is called the neu- 
tron temperature. Inserting the value of the Boltzmann 
constant k = 8.61 x 10> eV/K, we get 


Ey, = 8.64 x 10-° T, eV 


It is more difficult to measure the neutron temperature 
than the temperature of a gas. The velocity distribution of 
the neutrons is first measured with a neutron spectrometer. 
The most probable neutron velocity is then found and the 
neutron temperature is then calculated. 

The neutron temperature 7, depends on the temperature 
of the medium 7’, on the slowing-down power §2,, absorp- 
tion cross section o, and size of the medium. Absorption of 
thermal neutrons by the medium may be regarded as effec- 
tively draining the particles out of the medium. The absorp- 
tion cross section for moderators varies as 1/v and hence a 
neutron with a velocity v< v, is absorbed with a higher 
probability than one with v >v,. This higher absorption 
of slow neutrons results in the peak of the spectrum being 
displaced toward higher neutron velocities. 

In diffusion theory of thermal neutrons it is assumed that 
all thermal neutrons have the same energy, and the capture 
cross section and diffusion coefficient are averaged over the 
thermal neutron spectrum. 

Diffusion length. A thermal neutron moves from the site 
of its origin to the site of its absorption on the average by 
a distance L, the thermal neutron diffusion length. Vhis quanti- 
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ty depends on the diffusion coefficient D and macroscopic 
. . "J 
absorption coefficient. of the thermal neutrons, Za 


L? Fae D/X, (10.11) 


The relation between the diffusion length and neutron 
temperature 7, is 


[2 (T,) = L? V T,/293 


where ZL? is the square of the thermal neutron diffusion 
length at 293 K and 7, is expressed in kelvins (K). 

Leakage of thermal neutrons from the medium occurs 
from a surface layer with a thickness L. Those thermal neu- 
trons which originate at a distance exceeding the diffusion 
length L are ultimately absorbed by the medium. 

The main diffusion characteristics of moderators mea- 
sured at 7, = 293 K are shown in Table 10.8. The absorp- 
tion cross section and diffusion length of thermal neutrons 
depend on impurities in the moderator. Admixtures of 
water or heavy water are particularly efficacious. Thus an 
admixture of 0.2% water or heavy water reduces LZ from 159 
to 110 cm. 


Table 10.8 
Diffusion Characteristics of Moderators 
Density, | Thermalneutron|  piftusi Diffusi 
Moderator 4 03 ke jms Meeetion a. oe coe icient ici gti L. 
Water 1.0 0 .664 0 .163 2.72 
Heavy water 1.4 1.14 x 10-8 0 .960 159 
Beryllium 1.85 0.01 0 .533 241 
Graphite 1.67 3.2 X 10°3 0.900 58 
Beryllium oxide 2.8 0.01 0 .560 30 
Dipheny!] mixture 1.06 3.354 0.140 3.7 


Migration length. Neutrons migrating in a medium move 
away from the point of their origin. Fast neutrons are first 
slowed down into the thermal energy region and then move 
around until they are absorbed by the medium. The mean 
distance between the point of origin and point of absorp- 
tion is proportional to the migration length defined by the 
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formula 
Lm ae V Ls =F L? 


Escape of neutrons from a finite-size medium is deter- 
mined by the migration length. The larger it is the thicker 
is the surface layer from which neutron leakage occurs. 


10.10 Nuclear Fission 


In 1938 the German chemists Hahn and Strassmann 
found that barium could be detected in uranium samples 
bombarded with neutrons. The appearance of barium, which 


(a) (b) 
(Cc) (qd) 


Fig. 10.7 Nuclear fission according to the liquid drop model 


a—undeformed nucleus; b—weakly deformed nucleus; c—highly deformed nucleus 
d—fission fragments 


is an element in the middle of the periodic table, was sub- 
sequently ascribed to the division of 7*°U into two nuclei 
(fission fragments) induced by the neutrons. 

This nuclear fission can be explained by the drop model 
of the nucleus. Both coulomb and nuclear forces are active 
in the nucleus. Coulomb repulsion between protons tends to 
split the drop-like nucleus into fragments. On the other 
hand, the surface forces due to nuclear interaction between 
nucleons overcome the coulomb repulsion and maintain the 
nucleus as an entity. 

Suppose a neutron is absorbed by the nucleus. The shape 
of the nucleus begins to change and passes through a number 
of stages. A spherical nucleus (Fig. 10.7a) may first become 
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ellipsvidal (Fig. 10.7). Surface forces tend tu bring the nu- 
cleus back to its original shape. If the excited nucleus becomes 
spherical again, y-quanta are emitted and the nucleus 
returns to the ground state. If, however, the excitation ener- 
gy exceeds the fission threshold energy W,, the nucleus 
will assume a dumbbell shape (Fig. 10.7c) and may divide 
into two fragments under the effect of the repulsive coulomb 
forces (Fig. 10.7d). 

After capture of a neutron by a heavy nucleus, a compound 
nucleus is formed with an excitation energy Wex which is 
approximately equal to the sum of the neutron binding 
energy in the compound nucleus and the kinetic energy of 
the neutron (see Sec. 8.3). Fission of the compound nucleus 
may occur if W,, exceeds the fission threshold of the com- 
pound nucleus. In heavy nuclei (A = 230-240) Wy is about 
9.9-9.9 MeV. 

Heavy nuclei in the ground state can undergo spontaneous 
fission. For nuclei with A < 240 this is a rather rare event. 
Spontaneous fission of 7*U nuclei, for example, is 2.0 x 10° 
times less probable than a-decay. 

Natural uranium consists of two main isotopes, 7°U 
(0.7%) and 28U (99.3%). The difference in the fission pro- 
perties of these two isotopes can easily be understood if one 
compares the values of W,, and Wy. On capturing a thermal 
neutron the 7°U nucleus is transformed into a ***U nucleus 
with an excitation energy of 6.4 MeV and a ***U fission thresh- 
old of 5.8 MeV. Thus the **U nucleus can be made to un- 
dergo fission by neutrons of any energy. The fission thresh- 
old for the 2°U nucleus W; ~ 5.8 MeV whereas the ex- 
citation energy after capture of a thermal neutron by *°U 
is only 4.8 MeV. This means that the *°U nucleus can be 
split only by neutrons with energies exceeding 1.0 MeV. 

Thermal neutrons can also induce fission in *8U and 
26Py. The 3U, 7U and Pu nuclei and materials con- 
taining them are called fissile materials. **U and **Pu 
are not found in nature and are obtained artificially in ac- 
cordance with the transformation sequences 


MTh n+ teTh => Pa => MU 


mU +n MU “> MINp => BPu 
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Thorium and ®8U, which are used to obtain fissile mate- 
rials, are called nuclear fuels. 

Fission fragments. It has been found by chemical analysis 
that the fission fragments consist of nuclides with mass num- 
bers lying between 72 and 161. The fragment yield per ther- 
mal neutron-induced fission of 785U as a function of the mass 
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Fig. 10.8 Yield of fission products per 2*°U fission induced by thermal 
neutrons 


number is depicted in Fig. 10.8. The fragment yield per 
fission event is defined as the number of fission events involv- 
ing the formation of the given fragment to the total number 
of fission events. Two groups of fission fragments are parti- 
cularly pronounced on the curve. Tho first group of frag- 
ments produced with a high probability consists of compar- 
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atively light: nuclei with mass numbers between 80) and 
110. The second group consists of heavier nuclei with mass 
numbers between 125 and 155. A light and a heavy fray 
ment are produced in 99% of fissions. Symmetric fission 
into two fragments with almost equal masses (A =: 110-125) 
is a very rare event. The fraction of such fissions is about 
1%. Hence fission almost invariably involves the formation 
of a light and heavy fragment. 

Nuclear fission can proceed along approximately 30 chan- 
nels. Thus about 30 different pairs of light and heavy frag- 
ments appear on fission of nuclei. 

Fission fragments are B--active since there is an excess 
of neutrons. An example are the eaSr and ‘sXe fragments 
produced with a yield of about 7%. The mass numbers of 
stable strontium and xenon nuclei do not exceed 88 and 136 
respectively. The %!Sr nucleus has therefore an excess of six 
neutrons and *4!Xe nucleus an excess of four neutrons. Fis- 
sion fragments can thus be the beginning of a radioactive 
sequence of B--decays. As arule there are three disintegrations 
in the sequences which terminate with the formation of a 
stable nucleus. An example of such transformation chains 
is that involving the formation of lanthanum: 

wX_e Fy wos “ wop, © 0p, 

About 180 radioactive nuclides are formed in a nuclear 
fuel as the result of fission and subsequent disintegration 
of the fragments. Fission fragments and the products of their 
radioactive decay are called fission products. 

Fission neutrons. In each fission v neutrons are emitted 
on the average. This number v is the neutron yield per fission. 
It depends on the energy of the absorbed neutron (Table 10.9). 

Fission neutrons can be prompt or delayed. Prompt neu- 
trons are emitted at the instant of fission, whereas delayed 
neutrons are emitted a certain time after fission. 

Over 99% of fission neutrons are prompt neutrons. The 
energies of most of them are between 0.1 and 10 MeV. In 
many applied problems (calculation of the slowing-down 
length of fission neutrons, mean number of olastic scatter- 
ings per slowing etc.) account of the onergy distribution of 
prompt neutrons considerably complicates the calculations. 
For simplification it is usually assumed that the energy of 
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Table J0.9 
Neutron Yield per Mission 


Ey 


PMCHaG 0.025 eV 1.8 Mev 
ace 6 2.52 2.74 
S51) 2.44 2.74 
238 = 2.70 
239Pu 2.92 3.21 


all prompt neutrons is the same and equal to the mean 
energy of 2 MeV. ‘This energy is the constant £y used in de- 
termining the lethargy. 

Delayed neutrons comprise less than 1% of the fission 
neutrons. Some fission fragments (®7Br, ®*Br etc.) after 
B--decay form daughter nuclei with excitation energies 
exceeding the neutron binding energy. The B-decay is im- 
mediately accompanied by the emission from the daughter 
nucleus of a neutron whose time of appearance thus depends 
on the half-life of the parent fission fragment. Depending on 
the half-life of the fragments delayed neutrons are divided 
into six groups (Table 10.10). 

The delay times of the different neutron groups vary from 
a fraction of a second to tens of seconds. The largest contri- 
bution to the yield of the delayed neutrons Bv is from the 


Table 10.10 
Delayed Neutron Groups of the #°°U Nuclide 


Fraction of fission neutrons| Kinetic energy of 


F t F : 
anoup P haitaife. : hae se ae delayed neutrons) 

1 0.2 0.00027 = 

2 0.6 0.00074 0.42 
3 2.0 0 .00253 0 .62 
4 6.2 0.00125 0.43 
5 Zoot 0.00140 0 .56 
6 995.7 0.00021 0.25 

0 .0064 


rr a 
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third, fourth and fifth groups. The total fraction of delayeg 
neutrons emitted per fission of 28U is B — 0.00640) ang 
the mean delay time is 12.4 seconds. 

Despite their small yield delayed neutrons are of gress 
importance for controlling fission chain reactions. Under 
certain conditions they ensure that safe build-up of the 
chain process will occur (see Part Two). 

The absorption cross section of fissioning nuclei is the sum 
of the cross sections for fission o, and radiative capture. 
Oy, 

Oa = 0; + Oy = oO; (1 + @) 


Hence 1/(1 ++ @) of the neutrons absorbed by nuclei in- 
duce fission. The neutron yield per absorption act, n, which 
is equal to the number of neutrons produced per neutron 
capture in a fissioning nucleus, is 


1 = vor/og = y/(1 + &) 


In the thermal (Table 10.11) and high energy regions. 
1 > 2 for all fissioning nuclei. However, in the medium 
energy region it is only 1.5 for the 7°U and *°Pu nuclides. 
Therefore, neutron multiplication induced by medium- 
energy neutrons is less efficient. 

Table 10.11 


Neutron Yield per Absorption of Thermal Neutrons, n ; 


Nuclide Op» b Ons b On» b ita | n 
ee noe On Ss 
258 [J 527 54 584 4.10 2.29 
2351) 582 112 694 4.19 2.07 
20Py 746 280 1026 1.38 2.12 


Energy of fission. The mean binding energy per nucleon 
in nuclei with mass numbers A ~ 100 (see Fig. 3.4) exceeds 
by about 0.85 MeV that in the uranium nucleus. This means 
that as a result of fission an energy of 0.85 MoV is released 
per nucleon. The energy released per nucleus is therefore 
W, 235 ~ 0.85 = 200 MeV. 

Most of the energy W, is imparted to the fragments as 
kinetic cuergy. Some of the energy is emitted as prompt 
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y-radiation and also as the energy of the fl-- and y-rays emit- 
ted in the subsequent radioactive disintegration of the fission 
fragments; finally, a perceptible amount of energy is carried 
off by the fission neutrons and neutrinos. The energy balance 
of fission expressed in MeV is given in the following table 


Kinetic energy of fission fragments 169 
Energy of 
prompt y-quanta ° 
fission neutrons 4) 
decay -particles 7 
decay y-quanta 6 
neutrinos 11 


Total 203 


Besides these energy components some energy goes into 
the y-quanta emitted after radiative capture of part of the 
fission neutrons. This component depends on the composi- 
tion and size of the fission medium and on the average is 
~8 MeV per nuclear fission. Thus approximately 211 MeV 
of energy is released in the medium as a result of fission of 
a nucleus. All of this energy except that of the neutrino, i.e. 
about 200 MeV, can be transformed into heat. To generate a 
power of 1 kW about 3.41 x 10% fissions per second would be 
required. An amount of energy equivalent to 2000 kW over 
a year could be attained by “burning” a kilogram of a fis- 
sionable material. 


10.11 Nuclear Fission Chain Reaction 


The abundant emission of neutrons in fission of a nucleus 
enhances the possibility that fission will be induced in 
another nucleus. Suppose three neutrons are emitted in each 
fission. Each of these neutrons may induce fission and create 
three new neutrons. These neutrons can be called neutrons 
of the first generation. They can then generate 37 = 9 second 
generation neutrons. In the third generation there will be 
38 = 27 neutrons etc. (Fig. 10.9). Roughly, this is how mul- 
tiplication of neutrons proceeds. The pattern of chemical 
chain reactions is essentially the same and hence the proe- 
ess outlined above is called a neutron or fission chain reac- 
tion. A small amount of neutrons is required to start a chain 
reaction. 


16* 
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If neutron multiplication actually took place as sketched 
in Fig. 10.9 there would be 3° @ 102° neutrons in the fiftieth 
generation of a single neutron, In reality not all neutrons 
induce fission. Some are lost as a result of radiative capture 
and others leak out of the fission medium. These losses 
affect the course of the chain reaction. 

Fission chain reactions take place in media containing 
the fissionable substance, moderators, structural materials 
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Fig. 10.9 Neutron multiplication in a nuclear fission chain reaction 


(aluminium, zirconium, stainless steel etc.) and neutron 
absorbers. The fast fission neutrons interact with all these 
materials and hence elastic and inelastic slowing and absorp- 
tion of neutrons occur along with nuclear fission. If the amount 
of moderator is not large the fast neutrons will be absorbed 
before being slowed down to thermal energies. In this case 
most of the fission reactions will be induced in the high- 
energy region. This kind of chain reaction is said to be a 
fast neutron-induced fission reaction. 

As the amount of moderator is increased, elastic slowing 
of neutrons becomes more pronounced and relatively more 
fissions are induced at lower energies. At certain concentra- 
tions of the moderator most nuclei are split by medium- 
energy or thermal neutrons (medium or thermal neutron- 
induced chain reaction). 

Thermal neutrons are most readily absorbed by fissionable 
nuclei. The fission cross section in the thermal region is 
hundreds of times greater than that in the fast region. This 
fact is exploited by slowing-down fast neutrons to thermal! 
energies without loss and then using the slow neutrons for 
fission. 
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Assume for simplicity that the medium consists of only 
two components, the moderator and uranium, and a ther- 
mal-neutron chain reaction is taking place. The concentra- 
tion of the moderating nuclei N,, will considerably exceed 
that of the uranium nuclei Ny in such a medium. The con- 
centration of uranium nuclei in the medium will therefore 
be close to Ny/N». The inverse ratio Vy,/Ny shows how 
many moderator nuclei there are per uranium nucleus. The 
number of uranium nuclei per cubic metre is the nuclear 
concentration. 

In a 25U-C medium a chain reaction induced by thermal 
neutrons takes place when Ny/Nc = 3 X 10-5 or Nc/Nu & 
~3 x 10¢ for #U nuclei. 

Consider a thermal-neutron chain reaction in an infinite 
medium. Multiplication of neutrons can conveniently be 
viewed as a sequence of reproduction cycles. Each such cycle 
consists of four consecutive stages, viz. absorption of the 
thermal neutrons, fission of the 7°U nuclei, fast neutron- 
induced fission of 73°U nuclei and resonance absorption of 
neutrons. 

Let the neutron density of the first generation (beginning 
of multiplication cycle) be n,. We shall find the number of 
second generation neutrons (end of multiplication cycle). 
All n, thermal neutrons are absorbed in an infinite medium, 
On, thermal neutrons being absorbed by the uranium. The 
quantity 0 is the thermal-neutron (or simply, thermal) utiliza- 
tion factor and expresses the fraction of thermal neutrons 
absorbed by the uranium fuel. It is always less than one be- 
cause some of the neutrons are absorbed by the moderator. 
It is evident that @ approaches unity as the uranium concen- 
tration is increased. 

On the average each of the On, neutrons produces yj fission 
neutrons and hence the number of fast neutron is »6n,. 
Since thermal neutrons are absorbed by both 75U and ?U 
nuclei, the neutron yield y will depend on the isotopic con- 


tent of uranium and can be found from the formula 
zo) 
WY an) (A) 
ad 
ro) 4 (1 2) of 


Where z is the mass content of 48U in uranium; of? and 
iy ry . 4 . Or 
Og are the thermal-neutron fission and absorption cross 
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sections for ®8U; of is the thermal-neutron absorption 
cross section for 2°U, If the mass content of 2°U in uranium 
exceeds the natural content (7.14 x 1078) it is said that 
uranium is enriched in *®U. Enrichment of uranium is a 
process by which z is made to exceed the natural value. 

Fast neutrons with energies above 1.0 MeV may induce 
fission of ?5°U nuclei and the density of the fast neutrons 
will rise to enOn,. The fast fission factor ¢ characterizes the 
neutron multiplication due to 2°8U fission induced by fast 
neutrons. 

Some of the slowing neutrons can be captured by **U 
resonances. The density of thermal neutrons, nz, will there- 
fore be less than the density of fast neutrons, 

Ny = perOn, 
where wp is the probability that resonance capture will not 
occur and is the fraction of fast neutrons which become therm- 
alized. 

Multiplication of neutrons in an infinite medium is char- 
acterized by the infinite multiplication factor k. It is equal 
to the ratio of the thermal-neutron densities in the second 
(n,) and first (n,) generations, 


ko = pend 


The multiplication factor k. can also be defined as the 
ratio of the number of fissions induced by neutrons of the 
second generation to the number of fissions induced by neu- 
trons of the first generation. The factor k.. thus characterizes 
the development of a chain reaction in an infinite medium. 
If k.< 1 the neutron density will decrease from genera- 
tion to generation and the chain reaction will be damped. 
The chain reaction is self-sustained at k. = 1 and develop- 
ing atk, > 1. 

Consider an example of the neutron population in a mul- 
tiplication cycle. Suppose that 100 thermal neutrons are 
absorbed in a unit volume of an infinite reproducing medium. 
93 of them being absorbed by uranium. Thus @ -= 93/100 
= 0.93. We shall assume that z -- 0.00714 (natural urani: 
um) and hence the neutron yield y-~ 1.32. A result of the 
capture of the 93 neutrons will be the formation of 3 
A 1.32 ~ 123 fast neutrons. If 3 of the 123 fast neutrons 


Neutron Physics 247 


split the ?35U nucleus, about 8 more fast neutrons will ap- 
pear. The total number of fast neutrons is 123 —3+ 8 == 128. 
The fast multiplication factor ¢ = 128/123 = 1.04. Sup- 
pose that 19 neutrons are absorbed by *88U resonances dur- 
ing slowing-down and 109 neutrons become thermal. The 
probability that resonance capture does not occur p> = 
== (128 — 19)/128 ~ 0.852 and k. = 109/100 = 1.09 or 
ko = 0.93 x 1.32 x 1.04 x 0.85 = 1.09. 

The factors « and p are equal to one in a reproducing me- 
dium which does not contain 2°8U and hence 


ko = 0 


In a finite-size medium the multiplication factor is called 
the effective factor and denoted kg. Some of the neutrons 
escape from such media through the outer boundaries (neu- 
tron leakage) and do not participate in the fission chain re- 
action. Thus during slowing-down and diffusion of thermal 
neutrons the neutron density in the second generation will 
also be reduced because of leakage. Consequently ken < 
<k. and the relation between the two factors can be writ- 
ten as 


ket =< K cop 


where p is the fraction of neutrons absorbed in the medium. 

With increase of size of the medium the role of neutron 
leakage will become less significant. The value of p ap- 
prvaches unity in this case and the effective multiplication 
factor keg approaches ko. 

Let us return to our numerical example of the neutron pop- 
ulation. Suppose that on the average 5 slowing and 4 ther- 
mal neutrons escape from each unit volume of a finite-size 
medium. Since at the beginning of the slowing-down pro- 
cess there were 128 fast neutrons, we get p = (128— 
—9)/128 =: 0.92. The effective multiplication factor key =: 
= k.p = 1.09 x 0.92 = 1.00. 

A self-sustaining or developing fission chain reaction in 
a finite medium can take place if ker > 1. Depending on the 
magnitude of Aeg a medium is said to be subcritical (Ae << 
<1), critical (Keg = 1) or supercritical (Ayq_ o> 1). The 
mass of the fissionable material and size (volume) of a crit- 
ical medium are called the critical mass and size. If a chain 


248 Atomic end Nuclear Physics ; 


reaction is caused by thermal neutrons the critical volume 
is the largest and the critical mass the smallest. 

The fission cross section in the fast region does not exceed 
2 b. In order to increase the absorption of fast neutrons the 
concentration of fissionable material in the medium must 
be increased. 

Let us now consider briefly multiplication induced by fast 
neutrons in an infinite medium. Part of the neutrons of a 
generation is absorbed in the first collisions with the nuclei. 
Most of the neutrons, however, suffer inelastic collisions with 
heavy nuclei and are slowed down to 0.1-0.4 MeV and then 
absorbed by the medium. Let 0 be the fraction of fast neu- 
trons of a generation which are absorbed by uranium (plu- 
tonium) and y the neutron yield per absorption. Then in an 
infinite medium the multiplication factor 


ken = On 


Since the absorption cross section for structural materials 
in the fast region is much less than that for the fissioning 
nuclei, we may put 6 ~ 1 and therefore 


ko XN 


A medium consisting of pure **U cannot be critical. The 
absorption cross section o, for **U and energies exceeding 
4 MeV is not more than 1 b. At the indicated energies the 
inelastic scattering cross section 0,, ~ 3 b. The decrease 
of the number of neutrons with energies E, > 1 MeV is due 
to absorption and inelastic scattering of the fast neutrons. 
Therefore 0 = 0,/(6, + Sn) and 

ko = no,/(Ga + GOy,) 


Since 0 0.25 and nw 3, the multiplication factor 
kao = 0.75. 

In order to attain a chain reaction with medium-energy 
neutrons, the amount of moderator is chosen so as to slow 
down most of the fast neutrons to the resonance energie 
(1-10 eV) at which they are captured by the fissionable ma- 
terial. In a 7*U-C medium, for example, the Nc/Ng ratio 
varies between 200 and 9500. 

Fission chain reactions are divided into controlled and 
uncontrolled. The latter are used for military purposes (ex- 
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plosions of atomic and thermonuclear bombs). A thermonu- 
clear bomb consists of an atomic bomb blocated in the cen- 
tre and surrounded by the thermonuclear fuel (mixture of 
lithium, deuterium and tritium) (Fig. 10.10). An atomic 
bomb consists of three parts, of two stationary hemispheres 
and a central mobile part (the igniter). All three parts are 
made of 735U or 739Py. When the 
bomb is ready for action the igniter 
is kept in the upper position and 
the system is in the subcritical con- 
dition. With a conventional type of 
explosive the igniter is introduced 
into the atomic bomb and evokes 
its explosion. This results in a very 
high temperature being created in 
the thermonuclear fuel and a ther- 
monuclear chain reaction is thus 
initiated. The envelope of the bomb 
confines the thermonuclear fuel in 
a certain volume until the thermo- 
nuclear reaction occurs. 

Nuclear explosions can also be 
used for peaceful purposes (tech- 
nological processes in mining and fig, 10.40 Sketch of 
building industries, scientific re- thermonuclear bomb 
search). Underground explosions 1—bomb casing; 2—uranium; 
have been used in the USSR to close *~¢*Plosive: | 4—thermonuc- 
down some faulty oil gushers. The 
nuclear charge is buried at a great depth near the oil well and 
the explosion stops the oil flow. An artificial storage reser- 
voir for water with a volume of about 20 million cubic me- 
tres and also a condensate reservoir of 50 thousand cubic me- 
tres at a depth of over 1000 metres have also been built with 
the aid of underground nuclear explosions. 

It is planned in the future to use nuclear explosions in the 
construction of some large hydraulic works and to open deep 
deposits of minerals. In the project of the Pechoro-Kolvin- 
sky canal, which will be 112.5 km long, it is envisaged that 
part of the water of the northern rivers will be diverted into 
the Volga river watershed and a 65 km section of the northern 
canal will be made by nuclear excavation. Nuclear explosions 
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may be economically profitable and can speed up civil engi- 
neering work but they must be applied with the observance 
of certain precautions to ensure that there will be no harmful 
effects on the population or environment. 

Systems in which controlled fission chain reactions take 
place are called nuclear reactors. They are considered in the 
second part of the present book. 


PART TWO 


NUCLEAR REACTORS 


CHAPTER 11 


DESIGN AND CLASSIFICATION 
OF REACTORS 


11.1 Reactor Design 


A self-sustaining controlled nuclear fission chain reaction 
was first achieved in December, 1942. Tie nuclear reactor, 
designated CR-1, was built by a group of physicists at 
Chicago University headed by E. Fermi. The reactor con- 
sisted of spheres of natural uranium and its dioxide arranged 
between graphite blocks. The fast neutrons released in the 
fission of 225U were slowed down by the graphite to thermal 
energies and in turn induced further fissions. Reactors of the 
CR-1 type, in which most of the fissions are induced by 
thermal neutrons, are called thermal reactors. There is much 
more graphite in this type of reactor than uranium. 

In the Soviet Union theoretical and experimental studies 
on the start-up, operation and control of reactors were con- 
ducted by a group of physicists and engineers under the lead- 
ership of Academician I. V. Kurchatov. The first Soviet 
reactor F-1 was put into operation in December 25, 1946 
and more than 30 years of research has now been carried 
oul on it at the Kurchatov Atomic Energy Institute. The 
reactor, which is a sphere about 7.5 m in overall diameter, 
consists of a stack of graphite blocks. The graphite is per- 
forated and uranium rods are imbedded in the slots. Expe- 
rience obtained from the reactor was used for designing more 
powerful industrial reactors. In 149 a reactor producing 
plutonium was put into operation and in June 27, 1054 
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the first atomicelectric power station in the world with 4 
gross power of 5 MW began to operate in Obninsk. 

At present several hundred various types of reactors are 
operating throughout the world. A schematic diagram of a 
thermal reactor is shown in Fig. 14.4. The reactor consists of 


Z 
g 


Fig. 11.4 Thermal neutron nuclear reactor 


I—reactor vessel; 2—thermal column, 3—absorption rod; 4—radiation shield 
(concrete); 5—fuel assembly; Srerenee Or 7—experimental channel; 8—cooling 
system 


several zones, each of which serves a definite purpose. The 
central part containing the fissile material is called the core. 
It is made up of the moderator blocks with slotsin which 
fuel channels (FC) are housed. A fuel channel is a metal tube 
containing the fuel elements. A fuel element consists of a 
uranium-containing slug packed in a metal casing (the fuel 
element jacket). The fuel elements are grouped in the fuel 
channel Jength-wise aod form a common construction called 
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the fuel assembly (PA). Tilet and outlet pipes for coresbation 
of the coolant, special thermal expansion compensators are 
incorporated in the fuel channel. The coolant is pumped 
inte the FQ from a high-pressure chamber. The FA and mod 
erator are cooled by the coolant passing through the fuel 
channels, The heated coolant then passes through an outlet 
pipe to the collecting tank. 

The heat generated in the core causes thermal expansion 
of fuel channels and may cause their rupture and leakage. 
Mechanical stresses due to heating of the fuel channel are 
removed by special thermal componsators. 

Thermal neutrons split the 8U nuclei; heat is released 
and fast neutrons are emitted. The fast neutrons are slowed 
down in the moderator, return into the fuel elements and 
the same process is repeated. Thus the fuel clement slugs are 
sources of heat and fast noutrons whereas the moderator is 
effectively a source of thermal neutrons. Fuel element slugs 
are made from fissionable materials (uranium, uranium oxide 
and others). Such materials are called nuclear fuels. 

The chain reaction in the core depends on the value of 
Kien. The reactor is also dependent on the reactivity p. 
Mathematically 


po == (kon — 1)/kert 


i.e. it equals the relative deviation of the effective multipli- 
cation factor from unity. When keg is close to unity 


pw kor — 1 


The reactivity of a subcritical system is negative, that 
of a critical system is zero, and for a supercritical system it 
is positive. 

The operating parameters of a critical reactor (ken - \, 
p =: QO) are termed “critical”. Such parameters are the core 
dimensions (critical size /?,,), the massof the fissile materials 
(nuclear fuel) luaded into the core (critical mass or critical 
load) = M,,), the volume of the core (critical volume 
Ver) ete. 

Fuel channels with a mass of nuclear fuel AZ tens of times 
greater than the critical mass A/,, are inserted into the core. 
How is this excess mass of fissile material (A/> 0 Wo -- Mee) 
used? 


re Nuclear Reactors 

The reactor operates at a specitied power level for a definite 
period of time ty called the operating period. At the end of 
the operating peciod the core is reloaded. Part or all the 
fuel channels may be replaced by now ones. 

Due to fission and radiative capture during the operating 
period a mass AA of the nuclear fuel is expended. The ratio 
of AAQ to the total uranium (plutonium) mass J7 is termed 
the nuclear fuel burn-up factor z. 

Radioactive decay products accumulate in the nuclear 
fuel and the absorption of neutrons by the products results 
in a decrease of the reactivity. The reactivity also depends 
on the temperature of the nuclear fuel, moderator and re- 
flector. Variations of reactivity resulting from core heating 
are termed temperature effects. For instance, with a rise of 
the core temperature the density of the materials in the core 
and reflector decreases. The neutron migration length and 
neutron leakage from the core consequently are enhanced and 
this in turn reduces the reactivity. 

The excess of fissile material M, introduced into the core 
raises the reactivity to a value (9) sufficient to start up the 
reactor, and also to compensate the temperature effects, 
fuel burn-up and neutron absorption by fission products. 

A control and safety system is employed to ensure safe oper- 
ation of the reactor. The safety control system (SCS) con- 
sists of detectors, amplifiers, control instruments, mechani- 
cal devices, control rods. The SCS can compensate any ex- 
cess reactivity, start up the reactor, maintain steady-state 
operation, change from one power level to another and finally 
shut down the reactor when required. 

Control of the chain reaction by the safety control system 
is performed as follows. The current in the ionization cham- 
bers housed in the channels of the safety control system is 
proportional to the neutron flux density and thus to the pow- 
er level of the reactor. Depending on the current the ampli- 
fier can generate an electric signal which actuates the drive 
mechanism operating the control rods. In Fig. 11.1 one type 
of control rods is shown, an absorption rod. A rod of this 
type is made of materials with a high neutron absorption 
cross section (materials containing boron, cadmium and oth- 
ers) and is placed in the channel of the safety control sys- 
tem. The fraction of neutrons absorbed depends on how far 
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the control rod is inserted into or withdrawn from the core. 
The farther the rod is moved in, the greater is the number of 
neutrons incident on it and hence the greater the number of 
neutrons absorbed. 

The value of the effective multiplication factor depends 
on how far the control rod is inserted into the core and can 
be less, equal or greater than unity. To illustrate the effect 
of the control rod on the state of the core let us take a nu- 
merical example. Assume that in a certain position 5% of 
the neutrons are absorbed, in the second position it is 3% 
and in the third, 1%. Now suppose that when the control 
rod is withdrawn the effective multiplication factor of the 
reactor is 1.031 (9 = 0.03). This means that each thousand 
of neutrons increases up to 1031 neutrons per multiplication 
cycle. If the control rod is in the first position, it will absorb 
0.05 x 1031 ~ 54 neutrons of the total 1031 neutrons. The 
number of neutrons taking part in the second multiplication 
cycle will not be 1031 but 1031 — 51 = 980 neutrons. The 
effective multiplication factor of the reactor with the con- 
trol rod in the first position is thus kg = 980/1000 = 
= 0.98 (0 = —0.02) and hence the chain reaction in the 
core is damped out. In the second position 1031 x 0.03 ~ 
~ 31 neutrons of the 1031 are absorbed by the control rod. 
A self-sustaining chain reaction will now be maintained in 
the core. The reactor is supercritical when the control rod 
is in the third position and the power level increases. 

The chain reaction in an operating reactor is regulated by 
three types of control devices: the automatic control rods, 
shim rods and safety rods. 

An inserted shim rod balances the excess reactivity po. 
Release of the reactivity is attained by varying the position 
of the automatic control rods. For example, during steady- 
state operation the reactivity decreases due to fuel burn- 
up and accumulation of fission products. The attendant re- 
duction of reactivity is compensated by withdrawing the au- 
tomatic control rods from the core at such a rate that the 
core remains permanently critical. The control rods move 
vertically in the core between an upper and lower extreme 
position. When the control rods reach the top position they 
are rapidly moved downwards to the lower limit and simul- 
taneously the shim rods are partially pulled out of the core. 
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When such a coordinated shift of rods takes place a: simall 
fraction of the excess reactivily is transferred from the shin 
rods to the control rods. The latter gradually rise to the up. 
per position and the reactivity release cycle is repeated, 

Note that the rods in the core absorb a certain fraction of 
neutrons. This quantity depends only on how far the rods 
are inserted into the core but not on the power Jevel of the 
reactor itself. Thus, in the numerical example considered 
above a rod in the second position absorbs 31 per 1031 neu- 
trons irrespective of the power level of the reactor. 

Periodic reactor shutdown is required for routine mainte- 
nance requirements, reactor charging etc. Besides, in situa- 
tions which may lead to accidents, the reactor also has to 
be shut down. Such situations may be caused by an unforseen 
increase in power level, pressure drop in the cvolant loop 
etc. In such cases the safety control system is triggered off 
and the chain reaction is suppressed in a short time. In 
case of serious accidents the current in the ionization cham- 
ber or signals from other control devices actuate the safely 
control system which drives all three types of rods (safety, 
shim and control) into the core and the reactor becomes sub- 
critical. The safety rods are used only to shut down the re- 
actor. Prior to shutdown they are withdrawn from the core. 

Such technological characteristics as the temperature, 
coolant flow rate and pressure, leakproof of fuel elements 
etc. are checked under steady-state operation conditions. 
By constantly monitoring the characteristics one can de- 
tect construction failures and take measures to eliminate 
them. For instance, in the case of a fuel element leakage, 
fission fragments appear in the coolant. The rupture in the 
fuel channel casing can be detected by measuring the radio- 
activity of the coolant at the outlet and the channel can be 
replaced. 

The reactor instrumentation is arranged on a panel. The 
operators receive full information on all characteristics. 
Controls at the disposal of the operators permit them to 
start-up or shut down the reactor as required. 

To reduce neutron leakage a reflector is closely fit around 
the core and serves to prevent neutrons from escaping from 
the core. As a large fraction of the neutrons are reflected 
back into the core the number of neutrons participating in 
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the chain reaction is increased. Heflectors are made from ma- 
terials with high scattering proporties and low absorption 
cross sections, Nickel, thorium, #*U and others are suitable 
materials, 

The coro and reflector are of a cylindrical, spherical or 
rectangular shape and are housed in the reactor vessel. A 
thermal shield consisting of several layers of water and thin 
steel sheets is placod before the thick reactor vessel. Most 
samma-quanta escaping from the surface of the reflector are 
absorbed in the shield. The thermal shicld reduces the heat 
load on the thick-walled vessel which operates under high 
pressure and reduces thermal stresses in its walls caused by 
nonuniform absorption of intense gamma-rays. 

Gamma-rays and neutrons, which are dangerous for the 
operators, may escape through the surface of the reactor ves- 
sel. To keep the dosage of neutron and gamn:a-quanta irra- 
diation at a permissible level the core vessel is surrounded 
by a radiation shield. The schield is composed of materials 
with high gamma-quantum absorption properties (iron and 
Jead) and materials which slow down and absorb neutrons 
(water, boron, concrete and others). 

Heat is removed from the core by a circulating coolant 
(water, gas, sodium etc.). The heat can be used to generate 
steam and drive the turbogenerator of an atomic electric 
power station or of a vehicle. Figure 11.2 shows how thermal 
power is transformed into electric power in the two-loop 
installation used in the first atomic power station. The pri- 
mary circulation loop includes the fuel channels, steam gen- 
erator, circulating pumps and piping. The secondary cir- 
culation loop is composed of a steam generator, turbogen- 
erator, condenser, feed pumps and piping. 

In the primary loop water is pumped at a pressure of 100 
atm. On passing through the fuel channels the water is 
heated from 190 °C to 280 °C. The heat is spent in producing 
steam in the steam generator of the secondary loop. The 
steam sets the turbogenerator in motion and then enters the 
condenser from which the feed pumps drive the water once 
more into the steam generator. 

The water irradiated by neutrons in the core becomes ra- 
dioactive and therefore the primary loop is contained in a 
radiation-prouf casing. The secondary loop works in much 
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the same manner as that of a conventional eleetrle power 
plant. 

When liquid sodium is used as the coolant three loops are 
employed. Radioactive sodium circulates in the first loop, 
nonradioactive sodium or sume other coolant (but not water) 
circulates in tho second loop and steam is produced only in 
the third loop. Due to the prosence of the xecand loop con 
tamination of the water by radioactive sodium is exeliuded 


Fig. 44.2 Schematic diagram of transformation of heat into olectric 
energy at the first atomic power station 


1 -reactor; 2—steam generator, 3—turbogenerator, é—condenser, 5—feed pump; 
6—oirculating pumps 


in case of leakage in the steam generator. In ono-loop sys- 
tems a steam-water mixture is produced in the core. The 
steam is then separated from the water in a separator. 
In some designs the steam is fed directly from the sepa- 
rator to the turbogenerator. In other one-loop systems the 
steam is directed to superheater channels in the core ani 
then to the turbogenerator. 


11.2 How Reactors Are Used 


Thermal! neutron beams for experiments are extracted from 
the thermal column. A thermal column is a big block of 
graphite (see Fig. 11.1). Neutrons that enter the thermal! col- 
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umn are slowed down to thermal energies and emerge as 
thermal neutrons. Special experimental reactors are designed 
to study the action of neutrons and gamma-quanta on 
materials and the properties of irradiated materials. Exper- 
imental reactors are used as powerful sources of neutrons 
and gamma-quanta for various experiments (to study inter- 
actions of neutrons and gamma-quanta with materials, the 
effect of irradiation on physical and mechanical properties 
of materials, the biological effect of irradiation on a living 
organism etc.). Samples of materials under study are irra- 
diated in special experimental channels in the reactor. 
For physical experiments neutron beams are extracted via 
channels extending from the core through the shielding into 
the laboratory (see Fig. 14.1). Artificial radioactive materials 
for commercial use are also produced in experimental re- 
actors. 

Neutron fluxes of very high density can be produced in 
powerful experimental reactors. The heat released in the core 
is usually removed by water. As the heat is not used to gen- 
erate electric power the temperature at the outlet as a rule 
does not exceed 100 °C. Experimental reactors in which wa- 
ter is the coolant as well as the moderator are termed water- 
water reactors and are designated WWR. 

Power reactors can be used as sources of heat in atomic 
electric power stations and for propulsion of mobile systems. 
At present more than 150 atomic electric power stations and 
atomic-powered ships are operating in the Soviet Union. 
Among them are the first atomic power station, the atomic- 
powered ice-breakers “Lenin”, “Arctic”, “Siberia”, andthe 
Novovoronezh, Beloyarsk, Leningrad, Kolsk atomic power 
stations. 

Present-day atomic power engineering mostly uses 2°U. 
The natural reserves of 7°U are not abundant and cannot 
provide enough fission fuel for a long time. However, the 
world supply of #8°U and ?Th, which can produce fission 
fuel (%°Pu, 788U), is considerable. 

Fissionable materials produced from nuclear raw materials 
will considerably increase power resources. Many scien- 
tists are searching for effective ways of producing Pu 
and 733 and manufacturing acceptable nuclear fuels based 
on them. 
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Che Assionable materials Pu and “8U can be produced 
in three ways, One way is lo accelerate protons to energies 
of the order of 05-4 Gev and direct them to heavy-element 
targets (tungsten, bismuth, lead, uranium). A (p, man) 
reaction (m = 15-40) takes place in tho target. ‘Then the 
neutrons hit the nuclear raw material and are absorbed. 

A second way is to obtain ®°Pu and *°U in a hybrid re- 
actor with a nuclear raw matorial blanket (sce Sec. 8.7). 
Roth methods are still being studied. 

The third method of obtaining fissionable materials in 
the reactor has been studied in more detail. In this case fuel 
burn-up and breeding occur simultaneously. 

The nuclear fuel breeding cycle breaks up into several 
steps. In the first, fuel assemblies containing nuclear fuel 
are loaded in the breeding zones (reflector, core). The fuel 
element slugs in reflector assemblies are made of nuclear raw 
materials whereas the slugs in the core fuel elements are 
made of a fissionable material and a nuclear raw material 
(enriched uranium dioxide, UC + PuC etc.). In step two, 
the fuel assemblies discharged from the reactor at the end 
of the operating period undergo chemical processing and the 
fissionable material, nuclear raw material and fission products 
are extracted. 

In step three, nuclear fuel is produced and the fuel assem- 
blies are fabricated. After that the next nuclear breeding cy- 
cle begins. 

Let us examine how nuclear fissionable material is produced 
in a reactor. When a neutron is captured in the fissionable 
material, 1 = v/(1 + @) fission neutrons emerge (see Sec. 
10.10). A fraction of these y neutrons with an energy E > 
> 4 MeV split the ***U nuclei. As a result for every absorbed 
neutron in the fissionable material the number of fast fission 
neutrons increases to én. One of the ey neutrons is needed to 
maintain the chain reaction, C neutrons escape or are lost 
in radioactive capture in the structural materials, moderator 
or coolant. The remaining neutrons can be effective in 
breeding. The conversion factor (or breeding ratio) 


CF = en — (1+ C) 


is the ratio of the number of fissionable atoms produced to 
the number of fissionable atoms burned. 
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Let us assume that m kg of fissionable material is burned 
in the first breeding cycle and CFm kg of new material are 
produced in the same cycle. Burning of CFm kg will produce 
(CF)*m kg of fissionable material etc. In the nth cycle the 
amount of fissionable nuclear material will be (CF)"m kg 
and the total amount of nuclear material burned 


M, = CFm + (CF)m+...+ (CF)"m = (114.1) 


The series (11.1) is a geometric progression with a ratio equal 
to CF. If CF < 4, then with increase of the number of cycles 
the sum of the progression tends to 


M = mi/(4 — CF) (11.2) 


From (11.2) it follows that for CF <1 only a fraction of 
the nuclear material can be used. In operating thermal neu- 
tron power reactors CF = 0.5-0.8 and hence only 2-5-fold 
gain of fissionable material is possible. 

Breeding is possible in reactors only if CF >1. In breeder 
reactors all fissionable material produced can be burned up. 
Thus, if CF > 1, the sum of the series (11.1) tends to infinity 
as the number of cycles increases. 

The conversion factor is a function of y, ¢ and C. In ther- 
mal reactors the value of ny for *°U and 7°°Pu is about 2.1: 
for 333U it is about 2.3 (see Table 10.10). The fast fission fac- 
tor « in this type of reactor does not differ greatly from 
unity. 

Hence, a thermal breeder reactor is feasible. However, 
since more than 5-7% of neutrons escape and are absorbed 
in the construction materials, moderator and coolant in 
thermal reactors, the breeder can operate only on 23U. 
The difference 1 — 1 in the case of fast neutrons increases 
greatly. Moreover, the number of fissioning atoms in the 
nuclear material is appreciable in the fast region. Such 
fissions increase the number of neutrons participating in 
breeding. Hence, they increase CF. In fast neutron breeding 
CF may be as high as ~2. 

Fissionable material can be produced in two fuel cycles: 
with either uranium or thorium. Plutonium-239 is the tis: 
sionable material obtained in’ the uranium eyele and SU 
is the initial nuclear raw material. The designation of this 
cycle is *Pu-*38UJ, 
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In the thorium cycle (U-"9Th) fissionable material 1s 
23°U1 and the nuclear raw material is *°Th. In nature there 
are no ores containing *°Py or ?88U, Therefore Pu and 
*33U are obtained in thermal reactors with #®5U nuclear fucl, 
Since **U is not produced in breeders and is not abundant 
in nature it will gradually be replaced by plutonium and?*U, 

The uranium cycle is most effective in fast neutron breed- 
er reactors for two reasons. The value of y for 78° Pu is 
approximately 20% greater than that for 228U. Tho cross sec- 
tion of 8*U fission by fast neutrons is about 3 times greater 
than the cross section for *8*Th, and the value of ¢ in the 
*°Pu-**U cycle is 1.1-4.3. In the thorium cycle such high 
values of ¢ are impossible. The thorium cycle is more efficient 
in thermal, graphite-moderator, gas-coolant breeder reactors. 
A considerable decrease in the loss of neutrons (leakage, ra- 
diative capture) in the thermal neutron thorium cycle re- 
sults in CF attaining a value of 4.1-1.45. 

The accumulation of nuclear fuel and hence the increase 
in the power of an atomic station can be characterized by 
the doubling time. This is the time it takes for the amount 
of nuclear fuel (or the power level of an APS) to double. ‘The 
doubling time depends on the operating period, conversion 
factor, burn-up, nuclear fuel chemical processing time elc. 
The doubling time is about 6-8 years for powerful fast neu- 
tron breeders with a conversion factor of 1.4-1.6 and a burn-up 
zz 10%. 

Before building a power reactor the characteristics, com- 
position, size etc. are first studied theoretically and the most 
acceptable variant is chosen. 

The theoretical calculations are followed by experimental 
investigations which are aimed at determining more precise- 
ly the physical characteristics (multiplication factor, crit- 
ical load etc.) and checking the reliability of the fuel ele- 
ments. For this purpose a special experimental or pilot re- 
actor is built. As the power level and heat release in such 
reactors are low, there is no need for an intricate coolant 
system. An experimental reactor is simple in construction 
and not expensive, high pressures are not necessary. Mate- 
rials that are chemically active are replaced by inert ma- 
terials which have equivalent physical properties. For exam- 
ple, sodium is replaced by aluminium, 
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The reliability of the fuel element design is tested in 
loop channels of the experimental reactor. The construction 
of these channels is similar to that of fuel channels. They are 
connected to a self-contained coolant loop which is not part 
of the heat removal system of the core. Such coolant loops 
are termed experimental loops. The experimental reactor is 
used as a source of neutrons which induce fission in the fuel 
elements under investigation. Normal operating conditions 
for the fuel elements (pressure, temperature, coolant flow 
etc.) are set up in the loop channels. 

At the last stage of investigation another reactor is built 
to determine the physical and technological characteristics 
of the reactor as a whole. 

The first power reactors were, to a certain degree, both 
research and experimental reactors. Various experiments in 
neutron physics and for studying the performance of the re- 
actor are conducted with some reactors, whereas the means 
of lowering the cost of electricity etc. are studied in others. 
For example, the reactor at the first APS generates heat to 
obtain steam. On the other hand neutron beams and gamma- 
rays can be extracted for carrying out physical experiments. 
There are also experimental loops for testing fuel elements. 
The reactor itself is the prototype of the reactors at the Kur- 
chatov Beloyarsk APS. 


11.3 Homogeneous and Heterogeneous Reactors 


Homogeneous reactors. In a homogeneous reactor the fu- 
el and the moderator are intimately mixed. The core of a 
homogeneous reactor is of a comparatively simple construc- 
tion. It is usually a cylindrical or spherical vessel packed 
with a homogeneous mixture. Such mixtures are solutions 
vf uranium salts, suspensions of uranium oxides in light or 
heavy water, a solid moderator impregnated with uranium, 
melted salts. 

Homogeneous reactors have not been extensively used 
because of high corrosion of structural materials in liquid 
fuels and the constructional complexity of reactors with sol- 
id homogeneous mixtures. Moreover, large loads of weakly 
enriched uranium must be used inp homogeneous reactors 
etc. 
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Heterogeneous reactors. The deficiencies of homogeneous 
reactors can be overcome to a great extent by constructing 
a more intricate core. In a heterogeneous reactor the nuclear 
fuel is isolated from the moderator and packed in fuel ele- 
ments. The fuel channels permeating the moderator form a 
space lattice. A unit cell is the least part of the space lattice 
which retains all geometric properties of the lattice. Square 
or triangular arrays are the types of lattice most often used 


(a) (b) 
Fig. 11.3 Square (a) and triangular (b) fuel channel lattices 


(Fig. 11.3). The lattice spacing a is characteristic of the lat- 
tice and is the distance between neighbouring fuel channels. 
Fuel elements are fabricated either as rods, tubes or plates 
and the nuclear fuel slugs possess similar shapes. They are 
“canned” in a jacket to contain the fission product and pre- 
vent it from being washed away by the coolant. Hence, the 
activity of the primary loop is determined not by the fission 
products but by the activity of the coolant. It is much sim- 
pler to inspect and repair the equipment of the primary loop 
in a heterogeneous reactor than in a homogeneous reactor. 
In case of fuel element rupture the fuel channel is replaced 
to prevent radioactive fission products from circulating with 
the coolant in the primary loop. 

Between the jacket and slug there is always an air gap as 
it is practically impossible to achieve an air-tight fit. Air is 
a poor heat conductor and hence at high heat release rates 
the temperature of the nuclear fuel rises sharply due to this 
air gap. For example, a 10 pm air gap at a 2 x 10° W'm- 
heat flux density causes the temperature of the nuclear fuel 
to rise by 600 °C. In order to eliminate the effect of the air 
gap on the temperature of the nuclear fuel the gap is filled 
with a thermal conductor (helium, sodium, euteetic Na-K). 
In some cases diffusion welding gives good thermal contact 
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between the jacket and the 
nuclear fuel, A local impair- 
ment in thermal contact can 
cause irregular heating of the 
nuclear fuel and buckling of 
the fuel element. 

A centring unit is used to 
adjust the fuel assemblies along 
the axis in the channel. A fuel 
channel in the reactor of the 
first atomic power station 
(Fig. 11.4) consists of 4 tubu- 
Jar fuel elements spaced from 
each other by graphite sle- 
eves. Thermal expansion com- 
pensators and a device for 
adjusting or withdrawing the 
fuel channels from the core 
are mounted at the top of the 
channels. Water flows down- 
ward in the central tube to 
a distributing chamber at the 
bottom and is then heated in 
its upward flow through the 
four tubular elements. The 
fuel channel in block I of the 
Novovoronezh APS consists of 
90 rod fuel elements (Fig. 11.5) 
housed in a hexahedral casing. 
Such large fuel channels are 
called cassettes. The transverse 
dimensions of a hexahedral 
cassette are characterized by 
the diameter of an inscribed 
circle d. For the cassette in 
Fig. 11.5 d is 145.5 mm. In 
powerful reactors the number 
of fuel elements runs as high 
as several thousand and cas- 
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settes simplify the design of the cure and reduce the 
loading time at the end of an operating period. 
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Reliable operation of a reactor depends to a great extent 
of the design of the fuel clomenta. In the case of leakage of 
the casing or buckling of tho fuel elements the reactor is 
shut down. Emergency shutdowns, especially of powerful 
reactors, ate extremely undesirable since they involve ir- 
regular supply of electric power to the consumers. 

A certain pressure is set up in the primary loop of an APS. 
This pressure is sustained by the fuel channel or by the vessel 
of the reactor. Accordingly heterogeneous reactors are di- 
vided into channel reactors or vessel reactors. For example, in 
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Fig. 11.5 Cassette of Novovoronesh APS reactor 


the channel reactors of the Lenin APS in Leningrad the coo- 
lant circulates in the fuel channel under a pressure of 65 atm. 
At the Novovoronezh APS the pressure of the water is 100- 
1460 atm and is sustained by the reactor vessel. 

Channel reactors are characterized by one very important 
peculiarity: they can be recharged under steady-state opera- 
tion conditions. Recharging without shutdown of the reac- 
tor prolong the uninterrupted operation of the power plant. 

One of the shortcomings of heterogeneous reactors is the 
short lifetime of the fuel elements in the core. Irradiation 
substantially alters the composition of nuclear fuel and also 
its mechanical and physical properties. For this reason the 
core is reloaded at the end of cach operating period. 
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11.4 Thermal, Fast and Intermediate Neutron Reactors 


Thermal neutron reactors. Nuclear fission in the core is 
induced by neutrons of diverse energies. However, in each 
reactor neutrons of a definite energy range are predominantly 
responsible for fission. Hence, there are three types of reac- 
tors: thermal reactors, fast reactors and intermediate re- 
actors. The thermal reactor core consists of a moderator, nu- 
clear fuel, coolant and structural materials. Most fast neu- 
trons in this type of reactor are slowed down to thermal ener- 
gies and then absorbed in the core. 

To reduce the amount of nuclear fuel in thermal reactors, 
structural materials with low radiative neutron capture 
cross sections are used. Among these are aluminium, mag- 
nesium, zirconium. The low loss of neutrons in the moderator 
and structural materials render it possible to use natural 
uranium and slightly enriched uranium. 

For heavy-duty power reactors it is not always possible 
to find suitable structural materials possessing low absorp- 
tion cross sections. In this case the casings, channels and 
other parts of the construction may be made of materials 
which strongly absorb neutrons such as stainless steel. To 
compensate for this additional loss of thermal neutrons high- 
ly enriched uranium (up to 10%) is used. 

In thermal reactors the fission products absorb a consider- 
able fraction of the neutrons. To compensate for this loss 
a certain additional amount of nuclear fuel is placed in 
the core prior to start-up. The longer the operating period 
and the higher the specific power of the reactor, the greater 
must be this additional amount of nuclear fuel. 

Fast neutron reactors. The core and reflector in fast reac- 
tors are made of heavy materials. Moderating nuclei in the 
core are contained in the nuclear fuel [uranium carbide 
(UC), plutonium dioxide (PuO,) etc.]. Measures are taken to 
reduce the concentration of the moderator in the core to a 
minimum as light nuclei soften the energy spectrum of the 
neutrons. Before being absorbed fission neutrons slow down, 
as a result of inelastic collisions with heavy nuclei, to ener- 
gies of only 0.1-0.4 MeV. 

The fission cross section in the fast energy range does not 
exceed 2 b. Therefore for a chain reaction to take place with 
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fast neutrons there must be a high concentration of fission- 
able material in the core. This concentration is tens of times 
greater than that in the core of a thermal reactor. Why then 
are the expensive fast reactors being designed and built? 
For every neutron captured in the core of a fast reactor about 
1.5 times more neutrons are emitted than in the core of a 
thermal reactor. Hence, for processing nuclear material in 
a fast reactor a much larger fraction of neutrons can be used. 
That is the main reason why extensive investigations in the 
application of fast neutron reactors are being carried out. 

The reflectors in fast reactors are made of heavy materials 
such as *°U and ***Th. They return fast neutrons with ener- 
gies higher than (0.1 MeV back into the core. Neutrons cap- 
tured by the **U or *Th nuclei produce the fissionable 
nuclei #®Pu and 288, 

The power level of a reactor is regulated by mobile fuel 
assemblies and fuel elements with slugs of natural uranium 
or thorium. In small reactors mobile reflectors are more cf- 
fective as regulators. In this case the chain reaction is regu- 
lated by varying the neutron leakage. If the reflector is with- 
drawn from the core, neutron escape increases and as a 
result the chain reaction is damped, and vice versa. Mobile 
reflectors at the boundary of the core are the most effective. 

In practice structural materials for fast reactors can be 
chosen without taking into account their absorption cross 
sections which in the fast neutron energy range are negligi- 
ble compared to the fission cross sections. For the same rea- 
son neutron capture by fission products has little influence on 
the nuclear fuel load. 

Intermediate neutron reactors. The concentration of fis- 
sionable material in the core of an intermediate reactor is 
such that before being absorbed fast neutrons are slowed 
down to energies of 1-1000 eV. For example, the ratio of he- 
ryllium nuclei to #°°U nuclei in reactors of this type varies 
between 150 and 250. 

Intermediate reactors are comparatively rare for two rea- 
sons. Firstly, the nuclear fuel load is high compared to that 
of thermal reactors. Secondly, in the cores of such reactors 
not more than 1.5-2.0 neutrons are emitted per neutron cap 
ture. Consequently breeding is impossible in intermediate 
reactors whereas it is possible in fast neutron reactors. 
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Intermediate reactors are used as experimental reactors 
since it is possible to obtain high neutron flux densities. For 
example, the peak neutron flux density in the CM-2 reactor 
(USSR) is 3.3 x 10 neut./m?-s. 


11.5 Classification of Power Reactors with Respect 
to Coolants and Moderators 


Water coolant reactors. Three combinations of coolants 
and moderators are used in presently operating reactors. In 
one type water is both the coolant and the moderator; an- 
other type uses water as the coolant and graphite as the moder- 
ator; in the third type the moderator is heavy water where- 
as the coolant is either heavy water or light water. In the 
Soviet Union the first type of reactors are called water-water 
power reactors (WWPR); the second type are graphite-wa- 
ter reactors (GWR), and the third heavy water reactors 
(HWR). We should note that in the literature the WWPR 
and GWR are also termed light water reactors and uranium- 
graphite reactors respectively. 

The energy density per unit core volume (unit nuclear 
fuel mass) is characterized by the specific power P. This is 
the average power obtained from 1 litre of the core or 1 kg 
of the nuclear fuel. The specific power for WWPR and GWR 
lies in the range from 45 to 60 kW/kg. 

Water coolant reactors can be subdivided into non-boil- 
ers (or pressurized-water reactors), and boilers (boiling-wa- 
ter reactors). In APS with non-boiling water reactors the 
temperature of the water in the primary loop is below the 
boiling temperature. In the secondary loop saturated water 
vapour is obtained at a pressure of 12-45 atm with a tempera- 
ture up to 300 °C. Such conditions are encountered, for exam- 
ple, in the WWPR at the Novovoronezh APS. 

In boilers the steam-water mixture is produced in the core. 
The pressure of the water in the primary loop is reduced to 
70 atm. At this pressure water boils in the core vessel at a 
temperature of 280 °C. In comparison with non-boilers, boil- 
er reactors have a number of merits. The pressure in the 
vessel of a water boiler is lower and no steam generator is 
incorporated in the APS. 
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To obtain steady performances of bother the ageration eon 
ditions are chomen tn aneh a way om fo saat Haak thes eteagy 
content fin (he alemin water aadebae eva se, smc wees 
tain porinianthle value, Mor axanple, in the WWE of the 
Drenden APS (VHA), thee mtenne content ah the cere Gutted 
9%. TP the value of the steam content de higher, the per 
formance of the resetor may be unstable, Win inetability is 
due to the fact that the stan displaces the water tn the core 
and thus increas the neutron sowing down Jength Jay, When 
bolling is too vigoroun the valuy of J, inerensen to much # de 
groe that a nagative ronctivity in produend and the power Jevel 
of the reactor boginn to fall, 

A roduction In power lavel decresses the boiling rate, 
steam content and hence the slawing-down length, As a renult 
reactivity is cnhanced and subsequently the power level aud 
intensity of bofling begin to rine. The power level oscilla 
tions are dangerous for both the reactor snd personne), 

Such dangerous power level osciations do not occur when 
the steam content is below the porminsible value and stesd 
state operation of the reactor becomes self-adjusting. Viur, 
a reduction in power Jevel and o decrease in boiling intenest y 
enhance the reactivity and the reactor returon to the inities 
power level. The steam content st the core outlet in a func 
tion of specific power. Thus, for a reactor with a given core 
size the maximum steam content which ensures steady opers- 
tion of the boiling WWPKH limits the power Jevel of the 
reactor. This explains why the release of power per unit vol - 
ume is smaller in a boiler WWPH than in a non-boiler 
WWPR. Jhis is a significant deficiency of boiler WWIR. 

Overheating of water vapour to 510 °C has been achieved 
in the Beloyarsk APS channel reactors. In contrast to vessel 
water boilers, the main moderator in the Beloyarsk reactor 
is graphite and bviling water in the loops does nut cause 
dangerous power oscillations. 

In the Soviet Union two types of power reactors are gen- 
erally used: the non-boiler WWPR and the water builer, 
graphite channel reactor HPCR (high power channel resc- 
tor). 

Present-day atomic electric power stations consist of in- 
dependent operating units. Each unit of the APS is self-con- 
tained. Jt consists of a puwer reactor and a system for cou- 
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verting thermal energy into electric energy. The designation 
of a reactor indicates the type of reactor and the electric 
power level of the specific unit of the APS in megawatts. For 
example, WWPR-440 indicates that a WWPR is installed in 
the unit and its electric power level is 440 MW; HPCR- 
1000 means the APS contains an HPCR unit with an electric 
power level of 1000 MW. The thermal power of the reactor 
ig termed the unit power of the reactor and the electric power 
of a unit is called its unit power. Specifications of a power 
reactor often include the power of a unit and not the unit 
power of the reactor. 

Graphite-gas reactor (GGR). The moderator in graphite- 
gas vessel reactors is graphite and the coolant is a gas (he- 
lium, carbon dioxide etc.). Compared to the WWPR and 
GWR, gas coolant reactors are the safest type of reactor. This 
is explained by the fact that the gas practically does not 
absorb neutrons. Thus, a change in the gas content in the 
reactor does not affect the reactivity. 

In Great Britain there are several atomic electric power 
stations with GGR using carbon dioxide as the coolant. The 
fuel element jackets and channels are made from magne- 
sium alloys which weakly absorb neutrons. Consequently, 
natural or only slightly enriched uranium can be used as the 
nuclear fuel. Carbon dioxide is pumped through the reac 
tor under a pressure of 10-20 atm. The temperature at the in- 
let is about 400 °C. The specific power of the reactor is only 
0.3-0.5 kW/kg, i.e. about 100 times less than in the WWPR 
and GWR. In an improved GGR design the magnesium alloy 
jackets are replaced by stainless steel jackets and natural 
uranium is replaced by enriched uranium dioxide. These 
changes in the construction of the fuel elements allow the 
temperature of the carbon dioxide at outlet to be raised to 
690 °C, and the specific power to be increased by about 3.5 
times. The efficiency of the APS may reach 40%. 

Reactors with organic coolants. Organic liquids (gas oil, 
diphenyl mixture etc.) possess good slowing-down proper- 
ties and a high boiling point at atmospheric pressure. There- 
fore, the pressure can be significantly lowered by replacing 
water in the primary loop by an organic liquid, the outlet 
coolant temperature being in the range between 300 and 
350 °C. 
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However, a serious shortcoming of organic coolants is their 
thormal and radiation instability. At high temperatures, or 
when exposed to radiation, organic liquids decompose or 
form more complex viscous liquids. To clean the organic 
liquid of impurities a purifier must be introduced into the 
primary loop and this complicates the construction of the 
power unit. Because of this organic liquids are seldom 
used in reactor engineering. 

Liquid metal-cooled reactors. Liquid metal coolants (so- 
dium, sodium-potassium alloys etc.) can efficiently remove 
heat from the reactor. Sodium is very suitable as a coolant. 
Its heat capacity is 4.5 times greater than that of a sodium- 
potassium alloy and its boiling point is 882 °C. Sodium be- 
comes radioactive due to neutron capture in the core. To clim- 
inate any possible contact between the radioactive so- 
dium and water an expensive three-loop heat removal sy- 
stem is used. That is one of the reasons why sodium is not 
widely used as a coolant in power thermal reactors. Sodium 
is usually used to remove heat in fast or intermediate reac- 
tors with a specific power exceeding by 10-30 times that of 
thermal reactors. 


11.6 Reactor Structural Materials 


General requirements. Materials which are used in con- 
structing reactors operate at high temperatures under ir- 
radiation by neutrons, gamma-rays and fission fragments. 
Therefore not all structural materials are suitalbe in nu- 
clear engineering. When choosing materials for building reac- 
tors one must consider their radiation stability, chemical 
resistance, absorption cross section and other properties. 

Fuel element jackets, channels, moderators (reflectors) 
are made of materials with low absorption cross sections. 
By using structural materials with low neutron absorption 
unproductive neutron losses can be avoided. Moreover, the 
nuclear fuel load can also be reduced and the conversion 
factor increased. On the other hand, materials with high 
absorption cross sections are suitable for the fabrication of 
absorption rods. A high cross section significantly reduces 
the number of rods required to operate the reactor. 
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Fast neutrons, gamma-rays and fission fragments damage 
the structure of materials. For instance, in sulid substances 
fast neutrons dislodge atoms from the crystal lattice or dise 
place them. As a result the plastic and heat conductivity 
properties are impaired. When irradiated, complex mole- 
cules dissociate into simpler molecules or into atoms. For 
example, water dissociates into oxygen and hydrogen. This 
effect is known as radiolysis. 

Radiation instability is less pronounced at high temperae 
tures. The mobility of the atoms is so great that the proba- 
bility that the dislodged atoms return to their sites in the 
crystal lattice or that recombination of hydrogen and oxy- 
gen with the formation of a water molecule occurs is very 
high. Thus, in power non-boilers radiolysis is insignificant 
whereas in powerful research veactors a significant amount of 
the explosive oxyhydrogen gas is produced. Special devices 
are incorporated in such reactors for combustion of the gas. 

Reactor structural materials come into mutual contact 
(e.g. the fuel element jacket with the coolant and nuclear 
fuel or the fuel channel with the coolant and moderator etc.). 
Of course, contacting materials must be chemically inert 
(compatible). Uranium and hot water are an example of in- 
compatibility: they interact chemically. 

The strength of most materials sharply declines with tem- 
perature. In power reactors the structural materials operate 
at high temperatures. This limits the choice of structural 
materials, especially of those parts that are subjected to 
high pressures. 

Nuclear fuel. The nuclear fuel consists of materials cone 
taining fissionable substances such as **°U, *®Py. Natural 
uranium, uranium oxide UO,, uranium alloys, plutonium 
oxide PuO, are examples of nuclear fuels. In most of the ree 
actors in existence the nuclear fuel is an uranium-contain- 
ing compound. 

Natural uranium consists of three isotupes, *3*U (99.282 %), 
*85L) (0.712%) and 7*U (0.006%). It is not always accept- 
able as a nucler fuel, especially if the structural materials 
and moderator have a high absorption cross section. In this 
case an enriched uranium fuel is employed. Thermal neutron 
power reactors operate with uranium enriched by less than 
10%, whereas in fast and intermediate reactors the uranium 
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is usually enriched by more than 20%. Enriched uranium is 
obtained at special enrichment plants. 

In the process of manufacturing enriched uranium from 
natural uranium the enriched and depleted (waste) uranium 
are separated. Fuel assemblies used in reflectors of fast bre- 
eders are prepared from depleted uranium. 

Metallic uranium is comparatively rarely used as a nuc- 
lear fuel. It is stable only up to 660 °C. At this temperature 
there is a phase transition and the crystal structure changes. 
The volume of the uranium increases during the phase tran- 
sition and this may cause disrupture of the fuel element jack- 
et. Prolonged irradiation at temperatures between 200 
and 500 °C involves radiation creep, i.e. elongation of an 
irradiated uranium rod, and 1.5-fold increase of length has 
been observed. 

Uranium metal swells, particularly at temperatures above 
500 °C, and this also complicates its use. Nuclear fission 
produces two fragments with a total volume greater than 
that of the initial uranium atom (or plutonium atom). 
Some of the fission atoms are gases (krypton, xenon etc.) 
which accumulate in the pores of the uranium. This pro- 
duces an inner pressure which increases as the temperature 
rises. Thus, because of the increase in volume of the atoms due 
to fission and of the increase in internal pressure, uranium 
and other nuclear fuels begin to swell. Swelling is the expan- 
sion of nuclear fuel resulting from nuclear fission. 

Swelling depends on the degree of burn-up and on the tem- 
perature of the fuel elements. The number of fission frag- 
ments grows as the burn-up increases and the internal pres- 
sure of the gases rises together with the burn-up and tem- 
perature rise. Fuel element swelling may cause disrupture 
of the fuel element jacket. Nuclear fuel is subjected to swel- 
ling tu a less degree if it possesses high-grade mechanical 
properties. Uranium metal does not possess these qualities. 
The use of metallic uranium as a nuclear fuel limits burn-up, 
which is one of the main economical criteria in the design- 
ing of atomic power plants. 

The irradiation stability and mechanical properties of 
the fuel can be improved by doping uranium, i.e. by adding 
small amounts of molybdenum, aluminium or other motals. 
Uhese admixtures decrease the number of fission neutrons 
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produced por neutron captured by the nuclear tie This is 
Why inaterialy with low neutron absorption are chosen is 
alloying additions to uranium, 

Somo uranium compounds with bigh melting points such 
as ils oxides, carbides or intermetallic compounds are good 
nuclear fuels, Tho most widely used is the coramies, urani 
tin dioxide UO, with a molting point of 2800 °C and a den- 
sity of 10.2 t/m® Uranium dioxide doos not undergo phase 
transitions and is loss subjoct to swolling than uranium al 
loys, This allows one to raixo the burn-up to a fow per cont. 
Uranium oxide doos not interact with zirconium, niobium, 
stainless stool and othor matorials at high tomporatures. Tho 
main disadvantage of the coramics ix its low heat conductiv- 
ity which is only 4.5 kJ/m-K5 asa result at high power the 
molting point may soon bo attained and this restricts the 
specific power of the reactor. For example, the peak heat 
flux density in the Soviot uranium oxide WWPR does not 
exceed 1.4 X 10° kW/m, and in this case tho poak tempera- 
ture in the rod fuel elements is 2200 °C. Moreover, the hot ce- 
ramics is very brittle and is apt to crack. 

Plutonium is a metal with low molting point of 640 °C, 
due to its poor plastic propertios plutonium practically does 
not yield to mechanical processing. As plutonium is toxic 
the manufacturing technology of fuol cloments is even more 
complicated. The nuclear fuel is usually manufactured 
from plutonium dioxide, plutonium carbide and uranium 
carbide mixture or plutonium alloys containing metals. 

Dispersed fuols possess high heat conductivities and goad 
mechanical properties. A dispersed fuol consists of fine par- 
ticles of UO,, UC, PuO, and other uranium and plutonium 
compounds packed heterogeneously in a metal matrix made 
of aluminium, molybdenum, stainless steel or other metals. 
The material of the matrix determines the irradiation sta- 
bility and hoat conductivity of the dispersed fuel. For exam- 
ple, the dispersed fuel used at tho first APS consists of ura- 
nium alloy particles containing 9% of molybdenum and 
embedded in magnesium. 

Coolants. leat produced in the core is removed by co- 
olants (light water, heavy water, gas, sodium and others). 

One of the most extensively used coolants is ordinary wa- 
ter. Natural water contains a minute amount of heavy water 
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(O47 %). various impurities and dissolved gases. Due to 
these impurities and gases wator is chemically active with 
metals, Therefore before using water as a coolant it must be 
purified by evaporation and deaerated, i.e. freed from the 
gases. 

Radioactive water circulates in the first loop. The radio- 
activity of water is mostly due to impurities which appear 
on corrosion of various parts in the primary loop and to im- 
purities due to fissionable materials from the surface of fuel 
elements. The concentration of radioactive impurities can 
be decreased by filtering the water. Neutrons interacting with 
oxygen nuclei induce the reactions *O(n, y)#®O and 
6Q(n, p)'*N in which the radioactive nuclei 10(7,,;. = 
= 29.4 s) and 1*N(7,;. = 4s) are produced. However, the 
activity of **O and !*N is insignificant compared to that of 
the impurities. 

The disadvantages of water as a coolant are its low boiling 
point (100 °C at a pressure of 1 atm) and its appreciable ab- 
sorptivity of thermal neutrons. The first disadvantage can 
be overcome by raising the pressure in the primary loop. 
Absorption of thermal neutrons is compensated by using en- 
riched uranium nuclear fuel. 

The chemical and thermophysical properties of heavy wa- 
ter are not much different from those of ordinary water. 
Heavy water does not practically absorb neutrons and thus 
it is possible to use natural uranium as the nuclear fuel in 
reactors with heavy water as coolant. However, heavy water 
is not extensively used because of its high cost. 

The most extensively investigated liquid metal coolant 
is sodium. Due to the presence of sodium oxide the sodium 
coolant reacts chemically with most metals at compara- 
tively low temperatures. After thorough removal of the ox- 
ides sodium does not react with many metals (Mo, Zr, stain- 
less steel etc.) up to temperatures of 600-900 °C. 

‘he main gas coolant is carbon dioxide. Carbon dioxide is 
not expensive and its density and volume heat capacity are 
high compared to other gases. The corroding effect of car- 
bon dioxide on metals is determined by the oxygen content. 
Oxygen is present in carbon dioxide as an impurity and is 
formed at high temperatures by dissociation of the GO, mol- 
ecules into carbon monoxide CO and oxygen Q,,. 
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Moderators. Materials which have a large slowing-down 
power and a low absorption cross section are used as modera- 
tors. Light water, heavy water, graphite, beryllium are 
appropriate materials. The properties of water and heavy wa- 
ter were discussed above. Here we shall give a short descrip- 
tion of the properties of graphite and beryllium. 

Natural graphite contains up to 20% of impurities, boron 
included. For this reason it cannot be used as a neutron mod- 
erator. Reactor graphite is prepared from a mixture of oil 
coke and coal tar. The mixture is molded into blocks under 
high pressure and the blocks are thermally processed at a 
high temperature. The density of the graphite is 1.6-1.8 g/cm’. 
It sublimes at a temperature of 3800-3900 °C. When heat- 
ed in air to 400°C graphite ignites. Therefore in power 
reactors facilities are provided for maintaining a controlled 
inert gas atmosphere (helium, nitrogen) for the graphite 
moderator. 

Beryllium is one of the best moderators. Its melting 
point is high (4282 °C), as is its heat conductivity. Beryllium 
is compatible with carbon dioxide, water, air and a number 
of liquid metals. Helium is produced in the threshold reac- 
tion *Be(n, 2n)2a. Therefore intense irradiation with fast 
neutrons results in accumulation of the gas and the pressure 
it exerts leads to swelling of the beryllium. The high cost 
of beryllium limits its use. Reflectors and core water dis- 
placers in experimental reactors are made from beryllium. 

Structural materials. Structural materials are used to 
make the fuel element jackets, channels, reactor vessels and 
other parts of the reactor. Some physical properties of the 
structural materials most widely used in nuclear engine- 
ering are listed in Table 11.1. 

Pure aluminium and water are compatible at low tem- 
peratures. The jackets of fuel elements used in experimental 
reactors with a water coolant are mainly made of pure alu 
ininium. 

Magnesium alloys are weak neutron absorbers. They are 
compatible with carbon dioxide up to 450 °C and are used 
for manufacturing fuel clement jackets in graphite-graphite 
reactors. In this type of reactor a widely branched surface 
for heat removal is required. 

Zirconium alloys and deaerated water are compatible ap 
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Table I! J 
Physical Properties of Structural Materials 


Absorption crom section Za: m t 


Density, 


Material 108 kg/m? 


fisston apectrum 
neutrons 


thermal 
neutrons 


Aluminium * 
Magnesium 3x 10° 
Zirconium 4 xX 10-3 
Stainless steel 1™ 


to 350 °C. As zirconium is a weak thermal neutron absorber, 
its alloys are used as the main material for fuel element 
jackets in water-water power reactors. 

Stainless steel is characterized by its high strength and 
ability to resist corrosion in water and sodium at high tem- 
peratures. It is one of the most widely applied structural 
materials in reactor construction. The fuel element jackets 
for sodium coolant reactors, the channels and fuel element 
jackets of the channel graphite-water reactors of the first 
APS and the Beloyarsk APS are made from stainless steel. 

Irradiation affects the corrosion of structural materials 
in contact with the coolant. Firstly, (m, y) and other reac- 
tions alter the composition of structural materials. Atoms 
which chemically react with the coolant may appear at the 
surface of the structural material. The rate of chemical re- 
actions at the surfaces, for example of the fuel element jack- 
ets, will consequently increase. Secondly, irradiation of 
water produces radiolysis products which chemically react 
with the structural materials. 

Absorption rod materials. Absorption rods are made from 
materials which contain elements with high absorption cross 
sections (boron, cadmium, hafnium and others). Rods con- 
taining boron are the most commonly used type as boron is 
an exceptionally good neutron absorber. Pure boron, how- 
ever, is unfit as material for control rods. It is nonresistant 
to irradiation, fragile and incompatible with coolants. Bo- 
ron (up to 5%) is usually added to stainless steel (boron 
steel). Other materials that can be used in absorption rods 
are boron carbide B,C, a B,C-Al,O, mixture etc. 


CHAPTER 1? 
REACTOR PHYSICS 


12.1 Neutron Multiplication Factor 


Tho “infinite” multiplication factor 4 of a thermal neu- 
tron chain reaction is the product of four factors (seo Sec. 
10.44): the thermal utilization factor 0, the average number 
of, neutrons released per neutron absorbed in uranium (re- 
production factor) », the fast fission factor e, the resonance es- 
cape probability yp. 

The thermal utilization factor. ‘The moderator and nu- 
clear fuel in a homogencous core are irradiated by a thermal 
neutron flux of uniform density ¢. Let us assume that the 
homogeneous mixture consists of the moderator and nuclear 
fuel and for definiteness let uranium be the nuclear fuel. 
Our purpose is to determine how the thermal utilization 0 is 
affected by dilution of the uranium with the moderator, by 
enrichment of the uranium and by the temperature of the 
neutrons. The number of thermal neutrons absorbed per sec- 
ond in a unit volume of the homogeneous mixture is 
rag = (2™-}- 22) @ which includes ZY @ in uranium; 
(Z,. La and >=” are the macroscopic absorption cross sec- 
tions of the mixture, the moderator and uranium in the 
mixture respectively). The thermal utilization factor 0 
is the fraction of thermal neutrons absorbed in the uranium: 


@= Daq/Dap = Lal(Za + Za) 


Let us replace the macroscopic cross sections by the mi- 
croscopic cross sections in accordance with formula (10.5) 
and rewrite the latter expression as 


1 | 
Q == ——_____—_+- 42. 
1+ Nmor/N yo, oon 


Three conclusions can be drawn from formula (12.1): 
(1) for a homogeneous mixture 6 does not depend on the 
speed of the neutrons v and, hence, does not depend on the 
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temperature of the noutrona 7), provided the creme ae tiene 
3, of all componenta of the miature are govern ty the 
tiv law: 

(2) as the uranium concentration in the mibsture (nerenarns, 
®@ tends to unity. On the other hand, diluting uraniiin with 
the moderator leads to a dovrenao in 0; 

(3) the greater the enrichment of uranium, the larger ire 
the cross section ay and thermal utilization factor 

Unlike a homogeneous core, a heterogeneous core ia nen 
uniform for thermal neutrona since the cross sections of tlie 


Fig. 12.1 Distribution of thermal paleo flux density fn a cylindrici| 
unit 


moderator and structural materials of the fuel clement 
differ markedly. Let us find how the value of 0 changes ou 
transition from a homogeneous to a heterogeneous systesn. 
As on example we consider a cylindrical unit consisting of 4 
uranium rod and the moderator (Fig. 12.1). 

Fast neutrons lose their energy almost exclusively in the 
moderator as the uranium rod contains only heavy atoww- 
Hence, the moderator is a source of thermal neutrons. Ther. 
mal neutrons move from the moderator into the uranium rod. 
The variation of the thermal neutron flux density along the 
radius of the cylinder is shown in Fig, 12.1. The value o! 
«: decreases on moving from the surface of the cylinder to Uhe 
centre. 

The mean thermal neutron flux density in uranium and it 


the moderator are denoted as q, and q,,. Nuclei of the mo 
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derator in a heterogeneous reactor absorb qy/q@y times more 
thermal neutrons than the moderator in a homoyeneoux 
reactor does. Therefore, 0,.; for a heterogeneous resctor ix 
less than @),,, for a homogeneous reactor with an identical 
core composition. Thus a transition from a homogeneous ty 
a heterogeneous system reduces the utilization of thermal 
neutrons in a chain reaction. For example, in a square wra- 
nium-graphite lattice with a spacing a == 30 cm and a nat- 
ural uranium rod with a diameter d = 3 cm the ratio 
Nc/Ny = 215, and Oy.; = 0.885. In a homogeneous mix- 
ture with the sameratio of carbon and natural uranium atoms 
the thermal utilization is Oy9m == 0.915. In this particular 
example the efficiency of utilization of thermal neutrons 
decreases by 3% on transition to a heterogeneous system. 

Neutron yield per absorption. Along with fissionable ma- 
terials diluting agents are added to the nuclear fuel. They 
improve the mechanical properties and radiation resistance 
of the nuclear fuel and this in turn increases the degree of 
nucler burn-up during an operating period. The neutrons 
absorbed in a nuclear fuel can be divided into two types. 
The first are those which induce nuclear fission, the others 
are those consumed as a result of radiative capture in urani- 
um and all other components of the nuclear fuel. 

Let v- denote the number of neutrons released per fission 
of 35U. If we denote by ap¢ the fraction of neutrons captured 
by the nuclear fuel which induces fission, then the mean num- 
ber of fission neutrons released per absorbed neutron (neu- 
tron yield per absorbed neutron) 


N= SutVe 
The total number of neutrons absorbed per unit volume of 
the fuel per second is (. + =3) g; of this number © -y 
neutrons induce fission. Hence 
One = De/(Za + Da) 


where De and &y- are the macroscopic uranium absorption 


and fission cross sections respectively; %¢ is the macroscopic 

absorption cross section of the nuclear fuel diluent. 
Enriched uranium and diluting materials with low radia- 

tive capture cross sections are used to increase the neutron 
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yield per absorbed neutron. Diluents with low radiative 
capture cross sections are especially important in breeders 
as the conversion factor depends not only on the uranium en- 
richment but also on the neutron absorption in the diluents. 

Resonance neutron absorption. The resonance region con- 
sists of a region of resolvable resonance peaks and a region of 
peaks which cannot be resolved. The first region spans an 
energy range from 1 eV up to a certain Ey. The energy reso- 
lution of the measuring instruments is sufficient to distin- 
guish any peak in this region. For energies exceeding Ey the 
distance between the resonance peaks is so small that the 
peaks cannot be separated. For heavy elements Ey ~ 1 keV. 

In thermal reactors the dominant neutron resonance absorb- 
er is *88U. Some neutron resonance energy levels E£,, 
the absorption cross sections o, , at peak value and the width 
T’ of these resonances for 288U are presented in Table 12.1. 


Table 12.1 


Parameters of *®U Resonance Peaks 


Let us assume that the resonance neutrons are moving in 
an infinite system containing a moderator and **8U. On en- 
countering moderator nuclei the neutrons are scattered and 
on encountering 7°U nuclei they are absorbed. The first type 
of collision promotes the preservation of resonance neutrons 
and removes them from the dangerous range whereas in the 
second case the neutrons are lost. 

The resonance escape probability (coefficient wp) is a func- 
tion of the nuclei density N43, and the slowing-down power 
of the medium &2,: 

N 325 


y=exp (— =" Jerr) (12.2) 


The quantity Jey is termed the effective resonance integral. 
It characterizes neutron absorption by a nucleus in the re- 
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sonance region and is measured in barns. By using the effec- 
tive resonance integral we can simplify quantitative calcula- 
tions of resonance absorption without going into the details 
of the interactions involved when neutrons are slowed down. 
The effective resonance integral is usually determined ex- 
perimentally, It depends on the 2°8U concentration and the 
mutual arrangement of the uranium and moderator. 

In a homogeneous mixture of the moderator and *°°U the 
eflective resonance integral can bo found with a good accu- 
racy by the empirical formula 


Pitas ( it a (12.3) 


where Ni,/Nogg is the ratio of moderator to 738U nuclei in 


the homogeneous mixture; og, is the microscopic scattering 
cross section of the moderator expressed in barns. As can be 
seen from formula (12.3) the effective resonance integral de- 
creases with increase of the *°8U concentration. The more 
2351] nuclei there are in the mixture, the less probable is the 
absorption of slowing-down neutrons by a moderator nucleus. 
Let. us illustrate this effect with a numerical problem. Sup- 
pose that 1000 neutrons are slowed down in the resonance 
range and that for every 1 cm®* of the mixture there is only 
ono *88U nucleus with which cach of the 1000 neutrons can 
collide in the slowing-down process. If the concentration of 
2381] nuclei in the mixture is increased, the probability for 
each neutron to collide with a given 7°8U nucleus will be 
les since some of the neutrons will be absorbed by other nu- 
clei. Tho influence the absorption in some *8*U nuclei exerts 
on the absorption by other nuclei is termed screening of reso- 
nance levels. 


ixample. Find the effective resonance integral in a homo- 
geneous natural uranium-graphite mixture with Nc/Nose 


- 215. The graphite scattering cross section of == 4.7 b. 
Substituting the values of Ne/N ggg and Os into formula 
(12.3) we get 

J on = 3+ 9(215 x 4,7) % 418 — 69 b 


In a homogeneous medium all *8*U nuclei are in the same 
conditions with respect to the resonance neutron flux. In a 
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heterogeneous medium the uranium is separated from the 
moderator and this substantially affects resonance neutron 
absorption. Firstly, a fraction of the resonance neutrons be- 
comes thermal in the moderator without colliding with ura- 
nium nuclei; secondly, almost all resonance neutrons that 
reach the surface of the fuel element are absorbed in a thin 
surface layer. Inner 788U nuclei are screened by the surface 
nuclei and are less effective in resonance neutron absorption, 
the screening increasing with increase of the fuel element 
diameter d. Therefore the 788U effective resonance integral 


in a heterogeneous reactor is a function of the fuel element 
diameter d: 


Jen=a+o/Vd 


The constant a characterizes resonance neutron absorption 
in the surface ***U nuclei, and the constant b that in the 
inner *58U nuclei. For each type of nuclear fuel (natural ura- 
nium, uranium oxide and others) the constants @ and 6b 
are measured experimentally. For natural uranium rods 
(a = 4.15, b = 12.35) 


Jeff = 4.15 + 12.35/V d (42.3) 


where J ef is the effective resonance integral in barns; d is 
the rod diameter in cm. 


Example. Find the **U effective resonance integral for 
a natural uranium rod with a diameter d = 3 cm: 


Jen = 4.15 + 12.35/V 3 w 14.3b 


A comparison of the two latter examples shows that when 
the uranium and moderator are separated neutron absorption 
markedly decreases in the resonance region. 

The coefficient p depends on the ratio 


Nase ett/EXe = L/ELXs 


which reflects the competition between two processes in the 
resonance region, viz. neutron absorption and slowing-down. 
The cross section = by definition is similar tu the macroscop- 
ic absorption cross section in which the effective resonance 
integral J. replaces the microscopic cross section. It also 
describes the decrease of the number of slowing-down neu 
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trons ia the resonance region. Kesonance neutrons absorption 
increases with increase of the 720 concentration. 

Indeed, from furmula (12.3) it follows that 2 = Ngged en~ 
~ NO;585. The greator the 8U nuclei concentration the less 
is the fraction of neutrons that are slowed down to thermal 
energies. The neutrons slowing-down influences resonance 
absorption. Neutrons which collide with moderator nuclei 
escape from the resonance region. The higher the slowing- 
down power §2,, the more intensive is this process. Thus for 
a given *8U concentration the resonance escape probability 
is greater in a uranium-water medium than in a uranium- 
carbon medium. 


Example. Calculate the resonance escape probability for 
homogeneous and heterogeneous natural uranium-graphite 
media. In both media the ratio of carbon to *88U_ nuclei 
No/ Nog, == 215. The diameter of the uranium rod d = 
= 3 cm. Taking into account that & = 0.159 and of = 
-= 4.7 b, we get 


N goe/EO¢ Nc = 1/0.159 X 4.7 x 2145 = 0.00625 b- 


The effective resonance integrals for homogeneous and heter- 
ogeneous systems with a given composition and rod diame- 
ter were computed in the previous two problems. Substitut- 
ing the two quantities into formula (12.2) we lind the coef- 
ficients for a homogeneous system pom and a heteroge- 
neous system het: 
Wis, Se en ee Se eee 0.05; 

Pret = @78-25x 10-4X 11,25 _ g-0,0705 ~ () 93 


At the beginning of this section we cited the values of the 
thermal utilization factors 8 for homogeneous and hetero- 
geneous media for which Nc/Nogsg = 215: Onom = 0.945 
and One, = 0.885. The product (p0)pom = 0.595, and 
(pO) ne, == 0.823. Thermal neutron absorption in uranium is 
Somewhat lower in a heterogeneous than in a homogeneous 
medium. However, this loss is significantly offset by the 
decrease in resonance neutron absorption, and the neutron 
multiplication properties of the medium are improved. In 
a heterogeneous medium 930 out of each 1000 fast neutrons 
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become thermal as compared tu 650 in a homogeneous medi- 
um. Thus, in a heterogeneous medium an additional 2%) 
neutrons are retained in the slowing-down process. 

Multiplication by fast neutrons. In thermal reactors with 
slightly enriched uranium (z< 5%) the concentration of 
**U is many times greater than that of *°U. The fission of 
735) nuclei induced by fast neutrons is so insignificant that 
it can be neglected. However, the number of ***U fissions 
induced by neutrons with energies E, > 1.0 MeV may be 
great, and they have a marked influence on the course of 
the chain reaction. 

In a homogeneous core the 7*U nuclei are surrounded by 
many moderator nuclei. Fission neutrons passing through the 
surrounding materials collide with light nuclei with a high 
probability and are slowed down to energies below the **U 
fission threshold. As a result the multiplication factor in 
a fast homogeneous reactor differs little from unity. 

In a heterogeneous reactor fast neutrons initially move in 
the fuel elements among ***U nuclei. Therefore, in a hetero- 
geneous reactor the probability of a collision with a “*°U 
nucleus and its fission is much greater than in a homogeneous 
reactor. The probability depends on the path of the neutron 
in the nuclear fuel, i.e. on the size of the fuel element, the 
238[J concentration and the lattice spacing a. In a thick fuel 
element the neutron path is longer than in a thin fuel ele- 
ment, and the multiplication factor in the first case is thus 
greater than in the second. If the lattice spacing a is much 
greater than the fast neutron scattering length in the modera- 
tor, A,, most of the fast neutrons enter another fuel element 
after having been slowed down to energies E, < 1.0 MeV. 
Therefore the fast fission factor e for lattices with spacings 
a> i, is determined only by the size and composition of 
the fuel element. As an example, for natural uranium rods 
with a radius R cm 


ewi+ 1.75 x 107 R 


In water-water reactors the fuel elements are inserted in 
a close-packet lattice (a< A,). Such an arrangement of fue! 
elements decreases thermal neutron absorption in the water. 
In a close-packed lattice fission neutrons penetrate several 
iuel elements before being slowed down below the fission 
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threshold energy for *U. ‘The multiplication factor is highest 
for fast neutrons in water-water power reactors. For a hydro 
gen nucloi-8U ratio Ny/Nogs > 3, the fast fission factor 
can he calculated by the approximate formula: 


em 1+ 0.22 (Noo/Nn) 


Example. Compute the fast fission factor: (a) for a ura- 
nium-graphite lattice with a = 14 cm and diameter of 
natural uranium rod d = 3 cm and (b) for a water-water 
power reactor with Ny/Nogs = 5. 

(a) The scattering length in graphite 4, = 2.5 cm. There- 
fore the uranium-graphite lattice spacing a>> ,. Hence, 


e=1-+4 1.75 x 10 x 1.5 = 1.026 


(b) The factor ¢ for a WWPR 
e = 1+ 0.22 x 0.2 = 1.044 


The infinite multiplication factor. The neutron multipli- 
cation factor in an infinite thermal neutron reactor depends 
on the reactor’s composition and structure. The dependence 
of the resonance escape probability p and of the thermal 
utilization 8 on the moderator nuclei-uranium nuclei ratio 
Nm/Ny in a homogeneous medium is shown in Fig. 12.2. As 
the ratio N,,/Ny increases the thermal neutron absorption 
in the moderator increases and the thermal utilization 0 
decreases. At the same time the resonance escape probability 
smoothly tends to unity. 

The infinite multiplication factor k. is proportional to 
the product p@ which determines the dependence of k,, on 
the ratio N,/Ny. For high uranium concentrations the 
thermal utilization factor @ changes insignificantly and 
therefore k.. is proportional to . In systems with low 
uranium concentrations the value of p is close to unity and 
the variation of k. is similar to that of 6. Thus the infinite 
multiplication factor k initially increases, reaches its peak 
value and then decreases and tends tu unity. 

For natural uranium the neutron yield per absorption 
yn == 1.32 and therefore for a chain reaction to take place 
the product pA must be greater than 


Aaw/y 1/14.820 0 0.76 
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Homogeneous mixtures containing natural uranium with 
graphite, beryllium or water are unsuitable for reactors as 
the maximum value of the product (pO) for such mixtures is 
less than 0.76. For example, in a uranium-graphite mixture 
(9) max = 0.56. In a homogeneous natural uranium-heavy 
water mixture the infinite multiplication factor k. can be 
greater than unity as the moderator isa poor thermal neutron 
absorber. In way of illustration, for solutions of natura! 


uranium salts in heavy water with a ratio Np/Ny = 400, 


1 
V 
8 
0.5 we 
0 N,,/t N U 


Fig. 12.2 Dependence of p, @ and 0 on uranium concentration in 
a homogeneous mixture 


= 0.99, p = 0.79 and k~ = 1.03. In research reactors 
water solutions of enriched uranium salts are used. The low 
value of 0 in such reactors is compensated by a high neu- 
tron yield 4. 

In a heterogeneous reactor the dependence of the multipli- 
cation factor k on the lattice spacing a for fuel elements of 
a definite size is similar to the dependence of k,, on N,,/Ny 
in a homogeneous mixture. 

The.consumption of neutrons due to resonance absorption 
is so low in a heterogeneous reactor that a chain reaction 
becomes possible with natural uranium and a graphite or 
beryllium moderator. For example, the highest p@ value in 
a square lattice with 30 mm diameter natural uranium rods 
in graphite is 0.830 at an optimal lattice spacing a = 25 cm. 
Therefore natural uranium is suitable as nuclear fuel for 
graphite-gas reactors. 
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12.2 Neutron Flux Density. Neutron Leakage 


The reactor borders on media devoid of neutron sources, 
The neutron density in these media is lower than in the reac- 
tor. Therefore there is a leakage of neutrons through the 
outer surface of the reactor. The neutron flux density is not 
uniform through the reactor and is highest at the centre and 
drops towards the outer surface. 

The volume flux density distribution can be found by 
applying the diffusion equation which is derived from the 


9 


0 


Fig. 12.3 Distribution of thermal neutron flux density with respect 
to thickness of a flat reactor 


I—reactor without reflector, 3—equivalent reactor without reflector; s—reactor 
with refiector 


neutron balance. In reactor theory the main features of neu- 
tron flux density distribution is often investigated for simple 
models. One of such models is a flat reactor without a reflec- 
tor. The core of such a reactor is envisaged as an infinite flat 
slab 2H thick (Fig. 12.3) bordering on a vacuum. 

Before writing down the neutron balance in a critical 
reactor, we choose the origin of coordinates in the plane of 
symmetry of the core and direct the z-axis perpendicular to 
the plane (Fig. 12.3). Consider a flat slab of a volume dV = 
= 1 m?*-dr between the coordinates z and z -+ dx. We 
assume that as a result of nuclear fission thermal neutrons 
are emitted. The neutron balance for the volume dV can 
now be written down. 
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In dV there are 2,gdz neutrons absorbed per second and 
k oD aqax other neutrons appear in the same time. To achieve 
a sustained chain reaction in volume dV, X,Qpdz of the 
keoD ,pdadr neutrons must be absorbed again and the excess 
(ke — 1) Zapdr neutrons must leak out of volume dV 
through the surface. 

Let us calculate the amount of neutrons passing through 
the surface of volume dV and equalize it to the neutron 
excess. We denote by J (x) and J (x + dz) the neutron fluxes 
at distances of x and z+ dz from the coordinate origin. 
The reactor has finite dimensions along the z-axis and the 
neutron flux is directed toward the edge of the reactor. 
Therefore J (x) neutrons flow into volume dV and J (x + dz) 
flow out of it. The neutron leakage from the flat slab is 


dJ = J (x + dx) — J (x) = (ko — 1) Lagdz 


We divide the right and left sides of the last equation by 2,dz, 
and, taking into account formulas (10.10) and (10.11), we 
obtain the neutron diffusion equation for a flat reactor: 

d*p ko —14 


7a L? e=0 


Let us now give up the assumption regarding the energy of 
the source of thermal neutrons which was made in deriving 
the diffusion equation. After the fission of nucleus, fission 
neutrons, and not thermal neutrons, are emitted. The leakage 
of slowing-down neutrons decreases the excess of thermal 
neutrons. A more precise investigation of the neutron balance 
shows that the leakage can be taken into account by 
substituting the square of the migration length ZL}, for the 
square of the diffusion length L’ in the diffusion equation: 


d*p 
gat te 8 = (42.4) 
The quantity : 
LE, (12.5) 


is called the material parameter. The term is explained by 
the fact that it depends exclusively on the properties of 
materials the reactor is made from. 
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The solution of the diffusion equation (12.4) is 
qg (z) = q, cos Br 


where @, is the neutron flux density at the origin of coordi- 
nates (z = 0). 

The neutron flux density ¢ (z) must satisfy certain bound- 
ary conditions. If a tangent is drawn to the flux density 
curve near the surface of the reactor, it will intersect the 
z-axis (flux density @ = 0) at a distance d from the boundary 
(see Fig. 12.3). Let us equate to zero the flux density at 
the point H, = H + d: 


Po cos BH, = 0 
The cosine vanishes if 
BH, = x/2 
Hence 
B* = (a/2H,)? (12.6) 


The quantity B? depends on the size and shape of the 
reactor. It is called the size-shape factor of the reactor. 

The surface at which the extrapolated neutron flux density 
vanishes is termed the extrapolated boundary. It is located 
at the extrapolated distance 1, = H + d from the centre of 
the reactor. The extrapolated additional distance in thermal 
neutron reactors is d ~ 1 cm. In cases when the thickness H 
is considerable, one may put, with a high degree of accuracy, 
H ~ H,. It should be noted that when we formally equalize 
the neutron flux density to zero at the extrapolated bound- 
ary of the reactor under no circumstances does this mean 
that neutron flux density is actually zero at the boundary. 
The neutron flux density is nonzero both at the physical 
(real) and at the extrapolated boundary. The artificial extra- 
polated boundary is used in reactor theory as a mathematical 
device for simplifying theoretical investigations of the neu- 
tron flux density distribution within the body of the mac- 
tor. 

The diffusion equation for spherical and cylindrical reac- 
tors is similar to equation ({2.4). Let us place the origin of 
the coordinates in the centre of symmetry of a spherical or 
cylindrical reactor and solve the diffusion equation for these 
reactors. 


ise 
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In a spherical bare reactor of radius A neutron leakage 
through the spherical surface is radial. The neutron fing 
density will therefore be a function of a single coordinate, 
the radius r: 

sin Br aos 
@ (T) = ae (12.7) 

The size-shape factor 
B* = (n/R,)? (12.8) 


where R, = R-+ d is the extrapolated radius. 

In cylindrical bare reactors neutron leakage occurs in two 
directions: through the end face and lateral surface. The 
neutron flux density in a cylindrical reactor varies along the 
z-axis and along the radius r of the reactor: 


@ (r, 2) = Pod 9 (Barr) cos B yz (12.7’) 


The size-shape factor of a cylindrical reactor of radius A and 
height H consists of two terms describing radial and axial 
leakage: 
B? = RR+ Bir (12.9) 
where 
Bh = (2.405/Re)*, Bh = (n/H,)’ 


(here H, =H + 2d is the extrapolated height). 

The function J, is the zero-order Bessel function. It is 
presented in tables or can be computed from the approximate 
ratio 

2.405 un or 
Jo ( Re r) =~ cos (Fa) 

It may be noted that the neutron leakage from a sphere and 
from a cylinder of equal volume differs. The size-shape fac- 
tor of a sphere is less than that of a cylinder and hence neu- 
tron leakage from a sphere is smaller. This can be explained 
by the fact that the ratio of the surface to the volume is least 
of a sphere. 


12.3 Parameters of a Critical Bare Reactor 


In a critical reactor the following sustained chain reaction 
conditions are fulfilled: of the ko thermal neutrons formed 
in the multiplication cycle one thermal neutron is used to 
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sustain the chain reaction and the excess k. —1 neutrons 
leak out through the reactor surface. The mathematical rela- 
tionship reflecting this condition follows from equation 
(12.4) and the diffusion equation. Inserting into these equa- 
tions expressions for the neutron flux density and differen- 
tiating we obtain 


BY, = (Ito —1)/D% (12.10) 


where B2, is the size-shape factor of a critical reactor. Equa- 
tion (42.10) is termed the critical equation. It relates the 
critical size and the neutron-physical characteristics of the 
teactor (k, L?,). For a given composition of the reactor 
there is a single value of the size-shape factor, B? = Ber, 
which satisfies the critical equation. 

To find the critical dimensions of a bare reactor with 
a given composition, the parameters are computed in the 
following order: k. and L3,, size-shape factor Be, [from for- 
mula (12.10)], critical size [from the formulas (12.6), (12.8), 
(12.9)]. In the case of a cylindrical reactor the ratio of the 
extrapolated height H, to the extrapolated radius R, must 
be given. 

Critical equation (12.10) may be rewritten as follows: 


1 = ke/(1 + BerLin) (12.11) 


The equation for the effective multiplication factor for a non- 
critical reactor is written in the same way as (12.11): 


ett = Kol (4 + B?L4) (12.42) 


Equation (12.12) coincides with the critical equation when 
key = 1 and B? = Bé,. A comparison of equations (12.12) 
and (10.12) shows that the fraction of neutrons absorbed 
in the reactor is 

p = 1/(1 + B*Lh) 


With increase of the size-shape factor B? the dimensions 
of the reactor and the quantity p decrease whereas the neu- 
tron leakage increases. For B* < 83, the reactor is super- 
critical and for B? > 83, it is subcritical. 


Example. Calculate the critical size of a bare reactor with 
an aqueous solution of #8°U salts if the ratio of hydrogen to 
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*U nuclei in the mixture is Ny/Ngs, == 1000 and the 
density of the solution p = 1000 kg/m’. 


6=1/ (14 ve -) =4] (1+ 1000-922) ~-0.675 


For each neutron captured by ?%U, yn = 2.07 neutrons are 
emitted. The multiplication factor in an infinite reactor 


ko = 2.07 x 0.675 ~ 1.40 


The diffusion length ZL in an uranium-water solution is 
insignificant in comparison with the slowing down length Z,, 
and the square of the migration length L2, ~ L2 = 27 cm? 
(see Table 10.7). 


From formula (42.8) 
Bér = (Koo — 1)/L2 = 0.40/2.7 x 10-3 ~ 150 m= 


Let us compute the extrapolated size of a spherical and 
cylindrical reactor. According to formula (12.8) 


R, = n/Be, = 3.14/12.2 = 0.26 m = 26 cm 


Assume the diameter of the cylindrical reactor to be equal 
to its height, or R, = H,/2. Then from formula (42.9) it 
follows that 


R,=V 2.405? + (1/2)?/Ber = 24cm 


Subtracting the extrapolated additional length d~ 1 cm 
from the values obtained we get 


Repn == 25 cm, Rey = 23 cm, Ay) = 46 cm 
and hence Vepp © 69 1, Vey © 79 1. 


Let us investigate how the hydrogen-uranium nuclei ratio 
in a critical bare sphere filled with an aqueous solution of 
236() salts, affects the critical radius R,,, the ™5U critical 
mass M,., aud the thermal utilization factor (Fig. 42.4). 
With decrease of the #°U concentration in the sulution the 
critical radius increases monotonously, whereas the critical 
mass passes through a minimum at Ny/Nos, = 800. 

The multiplication factor k. -= nO == 2.07 0. Substitut- 
ing this value into equation (12.11) and dividing the loft- 
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and right-hand sides by 2.07 wo get 
0.48 -- O/(4 -|- BELA) Op. 


In critical reactors with different values of Nyy/Nags tho 
product of the thermal utilization factor 0 and p is a con- 
stant. 

In tho first region (100<¢ Ny/Nog, < 800), 0 drops from 
0.952 to 0.725, i.e. by 1.31 times. Honee, the loakage of fast 
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Fig. 12.4 Dependence of Ror, Mer, 0 and p, on concentration of #8U 
for a critical sphere containing aquoous solution of ®°U salts 


neutrons must also be diminished by 1.31 times. This can 
be achieved by increasing the radius of the reactor from 
21 cm to 27 cm. The **°U concentration in the mixture drops 
eightfold whereas the volume of the mixture, V, increases 
only 2.15 times. Therefore the critical mass, which is pro- 
portional to (Ne35/Ny)Ré,, decreases in the first region about 
4 times. 

Let us see how the critical volume and critical mass change 
in the second region (N43/N935 > 800). Consider two solutions 
with Ny/N455 ratios of 1000 and 2000. The thermal utiliza- 
tion 6 is 0.675 for the first solution and is reduced to 0.520 
for the second, i.e. by 1.3 times. To keep the reactor critical 
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it is necessary to increase the radius of the sphere from 
30 cm to 80 cm, thus increasing the volume 19 times. There- 
fore in the second region the growth of the critical volume 
is more rapid than the decrease of the 75U concentration 
thus causing a significant increase in the critical mass. 
How can one explain that in the first region the 7®°U con- 
centration in the solution diminishes faster than the volume 
increases, whereas in the second region, on the contrary, 
the *°U concentration varies insignificantly in comparison 
to the increase in volume? As the ratio Ny/No 3, increases 
in the first region, the thermal utilization 8 experiences only 
a comparatively small decrease and the probability that 
leakage does not occur, p, grows rapidly. Therefore the drop 
in 6 is compensated by a comparatively small increase of 
the critical radius (volume). In the second region the volume 
of the solution is so large that the probability of avoiding 
leakage is close to unity. This is why even a small drop in 
the thermal utilization 8 must be compensated by a sub- 
stantial increase of the reactor critical radius (volume). 
Let us find the limiting value of Ny/Noe3, for which k, = 
= 1. In an infinite reactor all the neutrons are absorbed in 
the mixture (p = 1) and 6 = 0.48. It is not difficult to de- 
termine the ratio of hydrogen to #°U nuclei in an infinite 
critical reactor. From equation (12.1) 
Ny _ 1—0 %°° _ 0.52 690 


We = oH = 0.48 0.35 — 2270 
The curves M,, and R,, tend to infinity as the ratio 
Ny/N2 35 approaches 2270. In an infinite reactor with a ratio 
Ny! Nos; > 2270 a self-sustaining chain reaction is impossible. 
For any **5U-moderator media the dependence of the 
critical parameters on Ny/Nos, is similar to that depicted in 
Fig. 12.4. The dependence may differ with respect to the posi- 
tion of the critical load minimum and the magnitude of the 
Nu = Nog, ratio in a critical infinite reactor. For example, 
the minimum critical mass of a sphere with a four kilogram 
homogeneous ™U-beryllium mixture corresponds to a ratio 
Npe/ Nog % 2 x 104. 
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12.4 Reactor with Reflectors 


The apecitic energy reloase near the core surface is much 
leas than within the core, The surface layer, in which a large 
mass Of nuclear fuel ia concentrated, is used inefficiently. 
Therefore (tia eeonamically profitable to supply a bare reactor 
with a reflecting Jayer. In such reflected reactors chain 
haa can bo sustained with a smaller load of nuclear 
UO, 

The effect of a reflector on the critical volume can be de- 
acrlbed by introducing an effective increment, This quantity 
shows to what oxtent the dimensions of a critical bare reac- 
tor must be reduced to keep the reactor critical after a reflec- 
tor in installed. A bare reactor and a reflected reactor are 
considered equivalent if their core composition, structure 
and shape are identical and the effective multiplication fac- 
tora of both reactors are equal. The half-thickness H of 
a reflected flat reactor and the half-thickness H + 6 of an 
oquivalont bare reactor are shown in Fig. 12.3. 

In a spherical reactor the effective increment 


where Rf, is the radius of the equivalent bare reactor and R 
is the core radius of the reflected reactor. 

In cylindrical reactors we discern two types of effective 
incremonts: one for the radius, 8,, and the other for the 


height, 8);: 
Bp Ro — R, by = (Hy — HY/2 


The effective increment for thermal neutron power reactors, 
in which the moderator and reflector are usually made from 
the same material, depends on the thickness of the reflector T 
and thermal neutron diffusion length Z in the reflector. 

Tho most efficient reflector layers are those arranged close 
to the core. Few neutrons emitted from the core reach those 
reflector layers which are located at large distances from the 
core boundary. The fraction of neutrons returned by distant 
reflector layers into the core is therefore small. Reflector 
layers at a distance of 1.5L, fram the boundary of the core 
(Lm is the migration length in the reflector) practically do 
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not participate in reflecting the neutrons. The limiting 
thickness of a reflector which exerts about the same effect as 
an infinite reflector is about 1.5L,,. For example, the limiting 
thickness of a water reflector is 15 cm and that of a graphite 
reflector, 80 cm. The highest value of the effective increment 8 
for reflectors thicker than 1.5L, depends on the relation 
between the slowing-down length L, and the thermal neutron 
diffusion length Z in the reflector. For L > L, (the reflector 
is beryllium, graphite etc.), 6 L; for L< L, (water 
reflector), 5 ~ L,. 

It is difficult to calculate the critical dimensions of a re- 
flected reactor precisely. To estimate the critical dimensions 
we must first determine the effective increment for a reflec- 
tor of known composition and thickness. Then from the 
critical equation we find the critical dimensions R, and H, 
of an equivalent bare reactor. The critical dimensions of 
a reflected reactor are the differences R,, = Ry — 5p and 
Ay, = Hy, — 26. 


Example. Find the critical size of a cylindrical reactor 
with an aqueous solution of 7*°U salts surrounded by a 15 cm 
layer of water (J = 15 cm). The diameter of the core is equ- 
al to its height. The Ny/Nos, ratio in the core is 1000. In 
Sec. 12.3 we computed the critical dimensions of a cylin- 
drical bare reactor with Ny/No3, = 1000 (R, = 23 cm, 
H, = 46 cm). Now we must find the effective increments 
6, and 5,. The thicknesses of the lateral and end reflectors 
are identical and 6, = 5g = 6. The diffusion length in 
water L ~ 3 cm and the slowing-down length L, ~ 5 cm. 
Therefore 6 ~ L ~ 5 cm. The critical dimensions of the 
reflected reactor are 


R=R,—6=23—5 = 18cm, 
H = H, — 26 = 46 — 10 = 36 cm 


The critical parameters of a reflected reactor depend simi- 
larly on the Nz/Nos;, ratio (see Fig. 12.4). The limiting 
thickness of a reflector made from graphite, heavy water, 
beryllium and other moderators, with the exception of water, 
reduces the critical load and volume several times. Water is 
a rather intensive thermal neutron absorber and therefore 
its efficiency as a reflector is relatively low. In our last 
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example a limiting water reflector would reduce the critical 
volume only 41.7 times. 

The thermal neutron flux density in a reflected reactor 
(see Fig. 12.3) increases near the core edge, reaches its peak 
within the reflector and then falls. This type of variation 
of the thermal neutron flux density depends on the source 
and the thermal neutron absorption cross section. The flux 
density of slowing-down neutrons near the edge of the core 
and reflector changes insignificantly. Therefore the sources 
of thermal neutrons in this region in both the core and the 
reflector are practically the same. Neutron “bursts” are 
explained by the fact that thermal neutrons obtained by 
slowing-down epithermal neutrons (E, >1 eV) are ab- 
sorbed to a lesser degree in the reflector than in the core. As 
a result, thermal neutrons accumulate in the reflector near 
the core at a higher rate. In some reactors of a small core 
size and with good reflectors, such as beryllium, the peak 
flux density may be in the reflector and not in the centre of 
the core. 

The neutron flux density volume-nonuniformity coefficient 
(or shorter the volume-nonuniformity coefficient) is intro- 
duced to describe the uneven distribution of the flux density 
in the core: 


ky = Qo/ 9 
where q@, and q are the maximum and mean neutron flux den- 


sities in the core. In an infinite bare flat reactor the non- 
uniformity coefficient with respect to the thickness is 


ky = BH,/ sin BH, 


It depends only on the half-thickness of the reactor H and on 
the size-shape parameter B?. For a large reactor 


H, =~ H., BH, = n/2 and ky ~ n/2 = 1.57 


For a cylindrical reactor it is convenient to write the nun- 
uniformity coefficient as the product of two factors: 
ky = krky 


where kp, and ky are nonuniformity coefficients with respect 
to the radius and height of the reactor. 
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The value of ky is highest for a bare reactor. In a syheri- 
cal reactor ky = 3.30 and in «a cylindrical reactor ky ~ 
= 3.62 with kp = 2.34, hy = 1.57. The nonuniformity 
coefficient ky of a reflected reactor depends on the com pxmi- 
tion and size of the core and reflector. In large reactors it 
differs little from the nonuniformity coefficient ky of the 
bare reactors. However, in small reactors with good reflec- 
tors the value of ky falls to 1.7-2.0. 

The power level of a reactor is proportional to the average 
neutron flux density ¢ and core volume V. The total numer 
of fissions in a reactor per unit time is DpqV, where 2, is 
the fission cross section in the core. A power level of 1 MW 
corresponds to 3.1 x 10 fissions/s, and therefore the power 
of the reactor (in MW) is 


P = DqVv/3.A x 10° 
Since @ = g/ky, we can rewrite 
P = XrQV/3A x 10S ky 
Hence the power level of a reactor is inversely proportiona:! 
to the nonuniformity coefficient ky. In a bare reactor the 
fuel burn-up is very uneven: close to the surface the quanity 
Zp is small compared to the Zp, at the centre. In a reflect- 


ed reactor the nonuniformity coefficient ky is smaller and 
the nuclear fuel is used more efficiently. 


CHAPTER 13 


REACTOR OPERATION 


13.4 Reactivity and Reactor Period 


Vhe power lovel of a reactor is proportional to the number 
uf nuclear fissions in the coro por unit time, A roactor is said 
to bo operating in the steady (or stationary) state if the num- 
bee of uueloar fasion per second ix constant in the core, If 
the tlugion rate varios with time the reactor operation is 
nonsbabionary, 

Let us fad the powor variation law assuming that the 
reactivity pois suddenly changed from zero to p< at time 
& This time of sudden change may be regarded as zero 
time, 

The average neutron density in the reactor ny will, dur- 
ing the Ufetime of one generation of noutrons, tT, increase up 
to omy <> Kegty, during 2t it will increase up to nag = 
o Rog, <> ASemo, and during mv lo ny =: Agknty ete. 
The mth generation corresponds to time ¢ = mt, and since 
the power level of the reactor ? (¢) is proportional to neu- 
tron density n (é), we got 


P (t) = Pokelt 
Taking the logarithm of tho equation we get 


In =e ae + In kon 


Taking into account that p« 1 and that key x 1+ 9 
(wo Sec, 44.4) we can rewrite In keg as 


In keg = In (1+) & p 


We thus obtain the law governing the variation of the 
power level 


P(t) =P, exp (£ ¢) (13.1) 
where P, is the power level of the reactor at time t = 0. 


After atime [ - wp the reactor power increases ¢ timos, 
The quantity 7 is tormod the reactor period. In practice one 
aften uses the power doubling time 7, which is the time it 
takes for the reactar power to double, Tho relation between 
T,and Fis T,  U0087, 

The lifetime of prompt neutrons Tt ina thermal reactor 
is the sum of the slowing-down time for fast noutrons t, and 
thermal noutron diffusion time ty: 


Tp Fs Tp “+ Ta 


Taking into consideration that in a thermal reactor t, = 
me 10-8 s and ty & 10° s wo may pul ty = Ty. When 
computing tq all thormal neutrons are considored to be mov- 
ing at a mean speed v and to travel an absorption freo path 
A, in the reactor: 


Let us assume that aftor fission only prompt neutrons with 
a lifetime t) = 5 x 10-* s are omitted and tho reactivity 
p => 0.0025. Since the lifetime of a noutron generation + 
== Tp, the reactor period is 7 == 5 X 107-4/2.5 * 10-4 
== (0.2 s. In one second tho reactor power increasos P (1)/P 
== @ ew 450 times. In is practically unfeasible to automati- 
cally regulate a reactor in which tho power varies at such 
a high rate. The reactor will be demolished before tho safety 
control system can be brought into operation. 

However, after fission not all neutrons are omitted prompt- 
ly. The number of prompt neutrons per fission is (1 — B)vr 
and the number of delayed neutrons is Avy. For the *®°U nuc- 
lide v, = 2.44 and the fraction of delayed neutrons p = 
= (.0064. The mean time lag t is equal to the average lifo- 
time of the fission fragments (the source of the delayed neu- 
trons) which is 12.4 s. 

The lifetime of delayed neutrons after decay of the fission 
fragments differs little from tp. Therefore the time it takes 
for the delayed neutrons to be absorbed in the reactor is 


Te =t+Tp 


The lifetime of a generation of neutrons, t, equals the 
arithmetic mean of the lifetimes of (4 — fh) vy prompt and 
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Av, delayed neutrons: 
T == [(1 —B) vet p+ Pvytp]/v, & Tp+ Pt 


Substituting ot, = 5 x 10-" s, Pt = 0.0064 x 12.4 = 
~ 0.08 s, we obtain ¢ ~ 0.080 s. 

For p =: 0.0025 the reactor period is 32 s and not 0.2 s, 
and the power level increases only by 3.1% in a second, At 
such power build-up rates it is easy to operate the reactor 
automatically. 

Let us find in what reactivity range delayed neutrons 
affect the course of the chain reaction in a supercritical 
reactor. The energy of delayed neutrons (FE, ~ 0.5 MeV) is 
about one-fourth of the mean energy of prompt neutrons (E p= 
= 2 MeV). In the slowing-down to0.5 MeV part of the prompt 
neutrons is absorbed or escapes from the reactor. Hence 
prompt neutrons are less valuable for the chain reaction 
that the delayed neutrons. The efficiency of Pv; delayed 
neutrons is equal to that of B.xv; prompt neutrons. For the 
sake of convenience it is assumed that in each nuclear fission 
Bexv, delayed neutrons with an energy of the prompt neutrons 
are emitted. The quantity Bey is called the effective delayed 
neutron fraction. It is approximately 1.1-1.2 times greater 
than B 

After N neutrons of the first generation have been absorbed 
in the core, Ket (4 — Ber) N prompt neutrons and BenkeyN 
delayed neutrons of the second generation are produced. By 
definition 


ket oo kett (1 ee Bet) =e KerBett 


The first term is the prompt neutron multiplication factor 
k, and the second term is the delayed neutron multiplica- 
tion factor kg: 


kp = Kerr (1 — Bet), ka =F KetBett (13.2) 


If kj < 1, the course of the chain reaction will be depen- 
dent on both prompt and delayed neutrons. In this case with- 
out the fission caused by delayed neutrons the chain reaction 
would cease. But if kp > 1, the chain reaction can be sus- 
tained solely by prompt neutrons. In this case the lifetime of 
a generation is defined by the prompt neutron lifetime; the 
reactor power level grows at an extremely high rate with 
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a period T-  ty-(p -— fen) and the reactor becomes uncon. 
trollable. A reactor with a factor k, = 1 is termed a prompt 
critical reactor. The effective multiplication factor and reac- 
tivity of a prompt critical reactor can be computed from the 
first of equations (13.2) where ky = 1 and Ber < 1: 


ken = 4/(1 — Ben) & 1+ Bem 0 © Bett 


The quantity 6.7 is important when dealing with nuclear 
safety. In a supercritical reactor with a reactivity O< p< 
< Ben the chain reaction develops relatively slowly. A safe 
start-up to a predefined power level is usually carried out 
when the reactivity p< Bey. Nuclear danger appears in 
a supercritical reactor with a reactivity p > Ber. 

Since the quantity Bar, is of such great importance it is 
taken as the unit of reactivity. In the literature it is called 
a dollar (doll). 

Let p=(ker — 1)/ker be the reactivity in absolute 
units; then 


p (doll) = p/Betr 


Other reactivity units are as follows. 
4. A cent is a hundredth part of reactivity. The reactivity 
on a percentage basis is 


p (%) = p x 100 
2. A mil is a thousandth part of reactivity p 
p (mil) =p x 1000 
The relation between the reactivity in dollars, cents and 
mils is: 
p (doll) = p (%)/100 Ber = p (mil)/1000 B en 


Example. Express the reactivity p = 0.0025 in dollars, 
cents and mils if Bo = 0.007. 
The reactivity in dollars is 


p = 0.0025/0.007 = 0.36 doll 
The reactivity in cents is 
p = 0.0025 x 100 = 0.25% 
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The reactivity in mila in 
p= 0.0025 % 1000 — 2.5 mils 


The power change in a supercritical renctor during a short 
time after an abrupt change In ronctivity has occurred possons- 
esa peculiarity which is not evident from equation (44.1). 
To clarify this point let us consider noutron multiplication 
in a subcritical reactor with a noutron source omitting 
@ neut./s located in tho core, For tho sake of slinpilelty we 
assume that tho source omits simultaneously Qt neutrons at 
time poriods which are multiples of the Lfetime of a neut- 
ron generation, t. 

Thus after a time t the first Qt noutrons produce £ Qt 
second generation neutrons, At this moment the source In 
assumed to emit a second portion of Qt neutwons. Hence in 
the time interval t< 1 < 2¢ thore are QF [He giAQt neutrons 
moving in the reactor. Theso noutrons in turn produce 
Ken (Qt -}> Agr Qt) neutrons in the core. ‘Jo compute the 
total number of neutrons in the time intorval 20 <7 t «> dt, 
one must add the Qt neutrons of the third portion emitted 
by the source at time ft -= 24 


Qt =| Ho Qt | kanQt 


Continuing reasoning in this way we can find the number of 
neutrons, Ny», in tho interval mt <i l< (m | 1) 


Nm =: Qt (4 -l- Hott Al: Kate le 6. de Ath) 


The series in parentheses is a goomotric series with the ra- 
tio key <4. When m is large, tho sum of the series tends 
to Nm = Qt/(1 — eer) and the number of neutrons per 
unit time interval tends to 


N =Nylt = QA ~ ken) (13.3) 


The quantity 1/(1 — Ker) is torined the suberitical multt- 
plication factor. It is equal to the ratio of the number of 
neutrons, NV, emitted per unit time as a result of fiasion and 
by the source in a subcritical reactor to the intensity of the 
neutron source, QY. For key = 0.90 the subcritical multi- 
plication factor is 100. If we place in a reactor a neutron 
source with an intensity @ :-- 10° neut./s, the neutron flux in 
the reactor will incroase up to 10" neut./s. 
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Ono can visualize a reactor with Hot < 1j-+ Pant a8 being 
a prompt subcritical ronetor with an internal delayed neut 
ron source. For two or three minutes after start-up of # crit 
ical reactor, the concentration of delayed neutron sources 
reaches a stationary value since the numbor of delayed 
noutrons emitted in n steady-state reactor must equal th: 
number of fragment sources produced newly as a result of 
nuclear fission. If Q designates the mean delayed neutron 
sourco density, thon from formula (43.3) the power level of 
a critical reactor is found to be 


Py = AQI(A — kp) (433.4) 


where k, is the prompt neutron multiplication factor, A is 
a proportionality constant. Inserting kp from (13.2) into 
(43.4) and assuming key <1, we get 


Py = AQ/Pett 


The mean rate of delayed neutron production at any given 
moment ¢ is proportional to the nuclear fission rate at the 
timo (¢ — 12.4) 8. Therefore if the effective multiplication 
factor is increased suddenly from 4 to 1 +- p (p < Ber), the 
delayed neutron production rate in the reactor will initially 
remain unchanged. Only a change in the prompt multiplica- 
tion factor k, influences the course of the chain reaction. 
After a time interval much greater than the prompt neutron 
lifetime, a new power level in the reactor sets in. If we 
take into account that tho lifetime of prompt neutrons is 
not more than 10-® s, we find that it should take only 0.04- 
0.4 s for a new power level to be reached. This time is so 
short that we may say that the power rise from P, to some 
P,, is practically instantaneous. 

Inserting Aen = 1-+p into the first equation in (13.2) 
and taking into account that pB ey is small in comparison 
with p and fey, we obtain ky = 1 — Ben + p. From for- 
mula (13.4) find 


ae at a Bert 
Pa= A Fame ae 


The reactor power level at a time close to ¢ == 0 and for 
p = 0.002) abruptly rises to P,, ~ 1.6P,. Subsequently 
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the subcritical multiplication factor 1/(B er, — p) remains 
unchanged and the mean delayed neutron source density 
(and with it the reactor power level) varies according to 
law (43.4). 


13.2 Reactivity Temperature Coefficient 


Reactivity is a function of temperature since the heating 
or cooling of a reactor is accompanied by a change in core 
volume and of the physical properties of its materials. When 
a reactor is heated the density of the materials in the core 
and reflector falls, their temperature as well as that of the 
neutrons rises, and the reactor volume increases. Each of 
these effects influences the reactivity. 

The diffusion length Z and the slowing-down length L, are 
inversely proportional to the density of the substance. Hence, 
reactor heating involves an increase in both quantities 
and thus enhances neutron leakage from the reactor. This 
effect is particularly pronounced in liquids. For example, 
the density of pressurized water heated from 100°C to 
300 °C decreases 1.5 times. The temperature of the neutrons 
also affects the diffusion length. The absorption cross section 
of the reactor materials o,~ 1/v. Since the mean thermal 
neutron velocity grows with reactor heating the diffusion 
length Z also increases. 

Thus an increase in the diffusion and slowing-down lengths 
increases neutron leakage from tho reactor and decreases the 
reactivity. An increase in the volume of a heated reactor, 
on the contrary, decreases noutron leakage and increases the 
reactivity. However, that is only one of the peculiar effects 
of the reactor temperature on reactivity. The second is the 
change in the thermal utilization factor. 

In a heterogeneous reactor thermal neutron flux density 
is not uniformly distributed in the cell. The less the thermal 
neutron diffusion length in the moderator and nuclear fuel, 
the greater is the nonuniformity of the flux density @ and 
the smaller is the factor 8. The increase of tho diffusion longths 
in the moderator and nuclear fuel, which occurs when the 
reactor temperature rises, partially levely out q over the 
cell and the thermal utilization factor becomes larger. 

Let us examine the third effect the reactor temperature 
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exerts on the reactivity. When a substance is heated the reso- 
nance peaks broaden and slowing-down neutrons in the reso- 
nance region are absorbed more intensively. This effect is 
called Doppler broadening. Hence, with increase of tempera- 
ture of the nuclear fuel and structural materials which 
contain resonance absorbers (7°°U, Zr etc.) the resonance escape 
probability and reactivity decrease. 

The reactivity changes caused by reactor heating are called 
temperature effects. They are described by the reactivity 
temperature coefficient a, which is the change in the reactiv- 
ity evoked by uniform heating of the reactor and raising 
of its temperature by 1°: 


ay = dp (i)/dt 


In a narrow temperature range a, may be considered to be 
constant. In such ranges the dependence of the reactivity p 
on temperature is given by the linear equation: 


p (t) = a (t — tp) 


where ¢, and ¢ are the initial and current temperatures of the 
reactor in centigrade degrees (°C). 

A negative temperature coefficient a, ensures safe and 
stable steady-state operation of the reactor, as can be seen 
from the reactivity-temperature relationship. Let ft, be 
the temperature of the reactor during steady-state operation. 
Under normal working conditions t = t) and o = 0. If for 
some reason the power of the reactor increases, its tempera- 
ture will rise to t > to. The reactivity becomes negative and 
the power level returns to the initial level. With a fall in 
the power level the reactor cools to a temperature t < f, 
resulting in a positive reactivity and the initial power level 
is restored. Thus a reactor with a negative reactivity tem- 
perature coefficient is self-adjusting. 

The behaviour of a reactor with a positive reactivity tem- 
perature coefficient is quite different. An accidental power 
rise results in positive reactivity and hence in a further 
increase in power, whereas a fall in the power level leads to 
reactor shutdown. Reactors with positive coefficients a, are 
unstable. That explains why in designing a reactor one must 
aim at obtaining a negative coefficient a, in the operating 
temperature range. 
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The negative temperature coefficient a, is particularly 
large for water-water power reactors. Depending on the com- 
position of the reactor, it varies between —2 X 10-* and 
—4 x 10+ K-1. These values of a, are mainly due to the 
decrease of the water density caused by reactor heating. 
Ghaphite-water and graphite-gas reactors with coefficients 
a, ~ —10-* K-! and also homogeneous and heterogeneous 
reactors with organic coolants and organic moderators are 
steady in operation. 

A rise in the power level of the reactor evokes primarily 
a rise in the temperature of the nuclear fuel since about 90% 
of the fission energy is liberated in the fuel. Hence Doppler 
broadening occurs as soon as there is a change in the power 
level. It is also called the power effect. The power reactivity 
factor a, is defined as the increase in reactivity per unit 
reactor power level increase: 


ay = dp/dP 


Stable reactor operation is ensured by a negative power 
reactivity factor. For example, in the WWPR-440 reactor 
Gp = 1.25 x 10 1/MW. 


13.3 Changes in Nuclear Fuel Composition 


The physical characteristics of the core depend not only on 
temperature. In an operating reactor the core composition 
changes: part of the nuclear fuel is burned up, fission 
products appear and plutonium is produced. 

Nuclear fuel burn-up. In an operating period a certain 
mass AM of fissionable material is spent in nuclear reactions 
and radiative capture. The nuclear fue] burn-up is defined as 


z= AM/IM 


where MV is the uranium (plutonium) load in the core. Fuel 
burn-up influences the duration of the reactor operating pe- 
riod. i.e. the uninterrupted time the fuel elements can per- 
form in the core. A high fuel burn-up is economically profit- 
able. It reduces the annual consumption of fuel elements in an 
APS and also the production expenses and expenses of fuel 
chemical processing. For example, a rise in burn-up from 1% 
to 4% increases the operating period and reduces the annual 
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consumption of fuel elements by a factor of 4. Fuel burn up 
is limited by the changes in the propertios of the fuel. In pre- 
sent power reactors, fuel burn-up does not exceed 5%. 

Ina { MW thermal reactor 1.25 g of %°U is consumed a day, 
i.e. the burning-up of 4.25 g of "°U produces 1 MW-day of 
energy. In fast reactors radiative capture by *°U is very 
small and the ®*5U decreaso is practically due to fission. 
Therefore in a fast reactor a 1 MW energy release per day 
corresponds to the burn-up of about 1.4 g of #5U. From this 
it follows that the *85U mass decrease in tons per operating 
period is 

AM = aPt 


where P is the reactor power level in MW; t is the operating 
period‘in days and a = 1.25 x 10-® t/MW- days for thermal 
reactors and 1.1 X 10-* t/MW-days for a fast reactor. 

Substituting AM in the burn-up equation we obtain 


Z = aP spt 


where P,, = P/M is the specific power in MW/t. 

Burn-up (z) can also be measured in MW-day/t. This unit 
is the amount of energy released by a ton of uranium (pluto- 
nium) a day at a specific power level of 1 MW/t. If the spe- 
cific power is P,, MW/t and the reactor operating period is 
t days, the burn-up is 


z = Pt MW-dayft 


Reactor poisoning and slagging. Fission products absorb 
neutrons. In an operating reactor fission products accumulate 
in the core and this adversely affects the reactivity. All fis- 
sion products can be divided into two groups. Nuclei with 
large absorption cross section comprise the first group and 
all other absorbing nuclei, the second group. Neutron absorp- 
tion by nuclei of the first group is termed poisoning of the 
reactor, and neutron absorption by the nuclei of the second 
group is called slugging of the reactor. 

The strongest absorber of neutrons is the fission product 
188Xe@ for which the absorption cross section is 3.5 « 10° 
barns at an energy of 0.025 eV. Ahout 5% of the Xe 
nuclei are produced immediately after fission and 95% in the 
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The half life of 5To is approximatoly 2 minutes and hence 
the ™To nucloi rapidly docay into 151 nuclei. The half-lives 
of 1 and 5X0 aro 6.7 and 9.2 hours respectively, i.e. the 
lifetime of 8X0 is about 1.4 times longor than that of 11. 

The rato of 87 nucloi formation in 1 cm? of nuclear fuel 
is yiZrp, where y; == 0.06 is the 1 yield; @ is the mean 
thermal noutron flux density in the nucloar fuel. The amount 
of 451 docroases as a rosult of radioactive decay and radia- 
tive capture of neutrons. The 1°] decrease rate is 


AN + Nyon 


where A; = 2.9 x 10-5 s-! is the 15I radioactive decay 
constant; N; is the concentration of 1®I nuclei in the nuclear 
fuel, nucl./m?, 


Since the cross section oj = 7 barns, and the mean ther- 
mal neutron flux density ~ does not exceed 107° neut./m?-s, 
the 185] decay rate is much greater than the *°°I decrease due 
to neutron absorption. Thus the second term of the sum can 
be disroyarded compared with the first term. After a certain 
time of reactor operation in the steady-state the rate of 55] 
formation and disappearance in the core will be equal. From 
this condition one can find the ?85] equilibrium concentration 
in the nuclear fuel: 


Nor = Vr=eQ/Ay 


It is proportional to the mean thermal flux density m. The 
higher the reactor specific power, the greater is the '*] 
equilibrium concentration. 

The equilibrium concentration for **Xe can he found in 
a similar way. The ™®Xe formation rate A;Nor-}-PxcbeP 
is equal to the decrease rate AyeNoxe + oa Noxey. Hence 
the Xo equilibrium concentration in the nuclear fuel is 


Noxe = (Yi + Vx Urp/(Axe -+ ang) 


where Ay, = 2.1 X 10-8 s-! in the '®Xo decay constant and 
Yxe = 0.003 is the '*®Xo yield. 
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For a flux donsity > 10% neut./m?-s, on p> 3.5 x 
x 10- x 10! — 3.5 x 10-4 5-1, and the first term in the 
denominator for such thermal flux densities can be dis- 
regarded: 


Noxe = (Yxe + ¥1) = lox* 


The decrease of 1*°Xe for a mean thermal flux density 
q > 10°* neut./m*.s is primarily due to radiative capture 
of neutrons by "Xe. If @ is greater than 10° neut./m?.s 
reactor poisoning reaches its peak value and does not depend 
on tho mean thermal neutron flux density. 

Because of poisoning the reactor becomes unstable in 
operation, especially for the flux density p > 10° neut./m?:-s. 
Suppose that for some reason the reactor power (neutron 
flux density) accidentally increased. Neutron absorption by 
18°X@ and the number of nuclear fissions will then increase. 
The neutron absorption leads to a drop in the #°5Xe concen- 
tration, and the fissions, to a growth of the '*I concentration. 
The power increase is immediately followed by reactivity 
release due to additional #**Xe burn-up. Thus an accidental 
riso in the power level releases reactivity and this in turn 
raises further the power. After a period of time when the 
safety control system has compensated the reactivity it 
begins to fall. Xe is produced from the additional * I 
which was formed when the power increased and the reactivi- 
ty became negative. A drop in power leads to a decrease in 
1%X@ burn-up and this in turn diminishes the reactivity 
still greater. An accidental fall in the reactor power level 
first causes the reactivity to decrease and after some time 
compensation by the regulation system causes it to increase. 

Usually the reactivity temperature coefficient a, < 0. 
For such values of a, the instability of the reactor caused by 
poisoning is partially (or completely) brought under con- 
trol by the reactor itself. But if a, > 0, steady-state opera- 
tion can be maintained only by manipulating the control 
system. 

The '**Xe absorption cross section falls sharply at neutron 
energies oxceeding 1 eV. Therefore ™®Xe accumulation in 
the core practically does not influence the reactivity in 
intermediate and fast reactors. 
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Slagging nuclei (slags) have a comparatively low absorp- 
tion cross sections. The latter vary, depending on the slag, 
from { to 400 barns. As a result the reduction in the amount 
of slag in the core is slower than its formation due to nuclear 
fission and consequently the slag concentration in the nuclear 
fuel steadily increases reaching a maximum by the end of 
the operating period. Slags intensively absorb thermal and 
resonance neutrons. Therefore slag accumulation in nuclear 
fuels reduees the reactivity in thermal and intermediate 
reactors. 

“Iodine well”. When a reactor is shut down the neutron 
flux density in the core falls to zero. The variation of the 
Xe concentration in the core of a shutdown reactor is due 
to I and !°Xe §--decay. In a cubic metre of nuclear fuel 
AN; *Xe nuclei are produced and AxeNxe nuclei decay 
per second. If the ™ J activity is higher than the ‘Xe 
activity (AyV; > AxeNx,-), the 1°Xe concentration in the 
core will grow and vice versa. 

The *5] equilibrium concentration, No, in an operating 
reactor is proportional to m, whereas the 4°Xe equilibrium 
concentration, Nox.-, is only slightly dependent on it, pro- 
vided m>10!7 neut./m?-s. As a result, for flux den- 
sities @ > 1017 neut./m?-s, No; exceeds Noxe. Since Ay > 
>Axe over some period of time after shutdown, the inequal- 
ity AyNy > AxeNxe will hold. Therefore the '*®Xe concen- 
tration in a shutdown reactor at first grows until the ‘57 and 
%Xe activities become equal. Subsequently **I decay 
cannot compensate the decrease of **Xe and the concentra- 
tion of the latter begins to diminish. The time variation of 
xenon concentration, Nx-e (t), and reactivity, p, after 
shutdown of a reactor, in which the flux density @ during 
operation was 10!* neut./m?-s is shown in Fig. 13.4. The 
poisoning peak is reached 11 hours after the reactor is shut 
down and increases with the neutron flux density. The 
reactivity after shutdown of the reactor initially decreases. 
reaching a minimum when the Xe concentration is maxi- 
mum and then begins to grow. The curve depicting the 
variation of reactivity resembles a well, and the poisoning 
Increase of the shutdown reactor is due to the build-up of 1*I 
in the operating reactor. The effect uf poisoning on the reac- 
tivity of a shutdown reactor’ is therefore termed the iodine 
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well effect. No iodine well is observed in reactors with a flux 
density o < 10!’ neut./m!.s. 

In the designing of a reactor the iodine well effect must be 
taken into account. In order to obtain a highspecific powor 
level, additional nuclear fuel is required to compensate for 
the iodine well effect. Otherwise to start up a roactor and 
to bring it up to the rated power level it would be necessary 
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Fig. 13.4 Dependence of Xe concentration (7) and reactivity (2) 
on time after shutdown of reactor. (Thermal neutron flux density before 
shutdown @ = 10!* nout./m*-s) 


to wait several dozens of hours until all of the Xe had 
almost completely decayed. It would be particularly difficult 
to atart up a reactor shutdown near the end of the operating 
period. 

Nuclear fuel breeding. In an operating reactor a fraction 
of the **U is transformed into plutonium. The fraction of 
neutrons absorbed in **U in a thermal reactor depends on 
the enrichment of the uranium and on the lattice spacing. 
The lower the uranium enrichment the more **U there will 
have to be in the core and the greater is the number of ura- 
nium atoms transformed into plutonium atoms. The lattice 
spacing affects neutron resonance absorption in ™*U. Fewer 
neutrons escape resonance capture in a lattice with closely 
arranged fuel elements. The value of the conversion factor 
increases if nuclear fuel is produced from natural uranius 
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Let use investigate how plutontum build-up in the core 
affeots mactivity. Tho ratio of tho “Pu and @"U absorption 
ener motions at al ae fA and a Po nucloua replacing 
aU nucleus ie the nuclear fuel inoreasos the thermal utill- 
sation factor The presences of plutonium raises the reactor 
mactivity, and the greater the value of the conversion factor 
the higher is the reactivity. For CF — 0.8 plutonium does not 
aaly compensate Ul burn-up but also roplonishos the reac- 
exdosa, This can signitleantly prolong the operating 

od, 

We is diffeult to achieve nneloar fuel breeding in a ther- 
mal reacter aines not more than two fission neutrons are 
emitted for each noutron captured in the core. In a fast 
reactor 2.5-3 neutrons are omitted per noutron captured. 
Qne neutron is used to maintain tho chain reaction and 
the other £.5-2 neutrons can bo used for breeding plutonium. 
The CF of a fast reactor depends on neutron radiative capture 
in the nuclear fuel, on the structural materials and on neut- 
ron leakage. At presont breeders are boing designed in which 
unproductive neutron consumption will be reduced to a min- 
imum. The conversion factor will be as high as 4.8, i.e. at 
the end of the operating period 1.8 kg of plutonium will be 
accumulated per kilogram of burned-up fissionable material 
CRU Pu). 

It should be noted that a mixture of Pu and ™*°Py iso- 
topes is obtained in the reactor and not pure Pu. The 
fission threshold in “°Pu is approximately 10 keV. If pluto- 
aium is in the reactor for a long period of time its fission prop- 
erties deteriorate as a result of a fraction of *°Pu being 
transformed into *°Pu. 


13.4 Control Devices of the Safety Control System 


At the beginning of the operating period the reactor has 
an excess reactivity which is spent in the operating reactor 
on burn-up, poisoning, slagging and on eliciting the iodine 
well and temperature effects. The reactivity excess is com- 
pensated by the various devices of tho safety control sys- 
tem (SCS). 


316 Naclear Reactors 


The power level of thermal reactors is regulated by absorp. 
tion rods, mobile fuel assemblies, burn-up absorbers etc. 
The effect of a specific contro] device on the reactivity is 
characterized by the control device efficiency Ak. This is the 
absolute value of the reactivity change caused by inserting 
the device (absorption rods, burn-up absorbers) into the core 
or by withdrawing the device (mobile fuel assemblies) from 
the core. 

In graphite-water and graphite-graphite reactors, absorp- 
tion rods are used in the SCS. These are divided into automat- 
ic control rods, shim rods and safety rods (see Sec. 11.1). 

The automatic control rods are raised or lowered contin- 
uously during operation of a reactor. Faulty operation of 
the rod drive system may cause a control rod being acciden- 
tally withdrawn from the core. To exclude the possibility 
of the reactivity exceeding Bey, the automatic control rod 
efficiency is kept below 0.7Bep, (0.5%). The rate of 
reactivity release by a moving automatic control rod lies 
in the range of 0.001-0.1%/s. 

The total efficiency of a shim rod should be such that 
when fully inserted into the core the absolute value of the 
negative reactivity should be less than 1%. According to the 
“Nuclear Safety Regulations” after all the automatic control 
rods, shim rods and safety rods are dropped, the negative 
reactivity must be less than 5%. 

Two mobile double-level emergency control cassettes are 
used in the SCS of the WWPR-440. The lower part contains 
fuel elements and the upper elements made from a boron 
alloy. The designs of all emergency control cassettes are 
similar and each cassette performs all three functions of the 
SCS control devices, viz. automatic control, reactivity com- 
pensation and emergency safety. 

When a cassette is raised from the core the neutron absorb- 
ers are withdrawn and fuel elements take their place. In 
the event of an emergency the cassettes are dropped so that 
their upper parts are located in the core. 

Another type of control] device is the burn-up ahsorption 
rod which is kept in a fixed position in the core. It contains 
the nuclei of! an’ absorber with a high ahsorption cross 
section. On capturing a neutron the nuclei of the burn-up ab- 
sorber change‘into nuclei of elements with low absorption 
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cross sections. Boron is the most widely used burn-up absorb- 
er. For example, the concentration of boron in the burn-up 
absorbing rod in the WWPR-1000 is 1%. 

A fraction of the reactivity excess in the WWPR-440 and 
WWPR-1000 is compensated by a system of boron control. 
Boron acid is dissolved in the coolant at a concentration of 
about 1% at the beginning of the operating period. During 
the operating period the boron in the absorption rod and wa- 
ter is gradually consumed. The reactivity release is spent 
in compensating the slow reactivity changes (nuclear fuel 
burn-up, poisoning etc.). The prime purpose of the burn-up 
absorbing rod and boron control system is to reduce the 
nonuniformity of heat release. 

The efficiency of a control device depends on the composi- 
tion and size of the device and the reactor, and on the depth 
of immersion of the device in the core. Let us assume that an 
absorption rod with a radius r, is inserted in the central 
channel’ ofa bare cylindrical reactor with aradius R (Fig. 13.2). 
The rod disturbs (deforms) the neutron flux density. To 
describe the change in the neutron flux density that occurs 
when the composition or size of a reactor is changed, the 
term “neutron flux density perturbation” is usually used. 
Let us assume that the rod is “black” for thermal neutrons, 
i.e. it absorbs all thermal neutrons that strike its surface. 
The thermal neutron flux density is perturbed by lowering 
the rod into the core. The flux density @ (continuous curve 
in Fig. 13.2) falls near the surface of the rod. A steady power 
level (which is proportional to the mean neutron flux densi- 
ty) is sustained by slowly withdrawing the rod from the 
core. The mean flux density in the core remains constant 
when the rod is withdrawn as a result of automatic redistrib- 
ution of the flux density in the core: the drop in the flux 
density near the rod is compensated by a small increase in 
the flux density at a large distance from the rod. 

The efficiency of the control rod depends on the fraction 
of thermal neutrons striking its surface and on the change in 
neutron leakage subsequent to an increase in the neutron 
flux density near the surface of the core. The latter makes 
a noticeable contribution to the efficiency Ak in small- 
size reactors. In thermal reactors the efficiency Ak is deter- 
mined mainly by thermal neutron absorption in the rod. 
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The volume from which thermal neutrons can reach the 
surface of the rod is proportional to nH (L is the diffusion 
length and # is the hoight of the core). Most thermal neutrons 
at a distance from the rod exceeding the diffusion length ZL 
are absorbed in the core before they reach the rod. The num- 
ber of thermal neutrons absorbed in the core is proportional 
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Fig. 13.2 Distribution of thermal neutron flux density in a core with 
a central absorption rod 


1—rod withdrawn from core; 2—rod completely inserted into core 


to the core volume 1R?H, and the control rod efficiency 
Ak, is the ratio of the first volume to the second volume: 


Aky = 6L3/R® 


The proportionality factor b depends on the nonuniformity 
of the neutron flux density along the radius and on the sizes 
of the rod and core. The rod efficiency is high in small thor- 
mal reactors. Absorption rods are least efficient in the 
bath since the diffusion length in a WWPR is abvut 

.O-2 cm. 
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The farther away the rod is from the axis of the core the 
less is its efficiency. The efficiency Ak (r) of an eccentric rod 
is proportional to the square of the unperturbed neutron 
flux density. If the flux density at the centre is My = 1, then 


Ak (r) = Akoq? (r) 


To compensate the reactivity excess in a power reactor 
some tens of shim rods are inserted into the core. Each shim 
tod influences the efficiency 
of the other shim rods. This 
interaction is termed rod inter- 
ference. Let us assume that 
two rods are located at a dis- 
tance a from each other and one 
of ‘them is the central rod. 
If a< L (see Fig. 13.2) the 
eccentric rod will be in a dis- 
turbed flux whose density is 
lower than that of the undis- 
turbed flux and fewer neutrons 
are absorbed in it. In this case 
interference reduces the total 


Lore height 


Rod efficiency 


efficiency of the two rods. If Depth of rod insertion 
a> L interference increases Fig. 13.3 Regulating character- 
the total efficiency of the rods. istic of an absorption rod 


As a rule the shim rods are 

evenly distributed in the core volume. The shim rod lattice 
spacing is chosen to be much greater than L. In this case 
the disturbed flux density for each shim rod is greater than 
the undisturbed flux density and the total efficiency of the 
shim rod system increases. Moreover, the shim rods are 
arranged in such a way that their effect on operation of the 
fuel elements is minimal. A defective shim rod arrangement 
may be the cause of underheating of some fuel elements 
and overheating of others. 

The dependence of rod efficiency Ak on the depth of in- 
sertion in the core (Fig. 13.3) is called the regulating charac- 
teristic. At the top of a reactor the thermal neutron flux 
density is small and hence an initial immersion depth of 
about one fourth of the core height only slightly changes 
the reactivity. The rod is most efficient at depths between 
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H/4 and 3H/4. Near the bottom of the core (as well as near 
the top) the change in reactivity is comparatively insignifi- 
cant. This explains why rods are not inserted to full depth 
but about only down to 3H/4. Rods are usually shifted in 
the middle region (H/4-3H/4). In this range there is a linear 
relationship between the efficiency of the rod and depth of 
insertion. It is convenient to regulate the reactor power 
level in the linear range since the release of reactivity is 
proportional to the length of that part of the rod which is 
not in the core. 

The rod efficiency is determined experimentally before 
start-up of the reactor and after the reactor is shut down. 
This procedure in called rod calibration. The measurements 
are carried out under steady-state conditions and at a low 
power level. The calibration rod inserted to a depth H is 
lifted from the core by a distance AH< H cm. The power 
begins to increase with a doubling time 7, and the reactivi- 
ty released by shifting the rod over AH can then be comput- 
ed. After measurement of 7, the reactor power is returned 
to the initial level by means of other rods. The calibration 
rod is then drawn out another AH cm, the reactor period is 
measured once again, the reactivity is computed etc. The 
function Ak = f (z) is then plotted on the basis of the results 
thus obtained (see Fig. 13.3). 

During the operating period the rods are moved according 
to a special program that provides for minimal distortion of 
the heat release field. This explains why the calibration of 
each rod is carried out with due regard for the working 
position of the other rods. 

Another way to determine the regulating characteristics 
of a rod is to use an instrument called the reactimeter. The 
rod is inserted in a critical reactor. As the rod enters the 
core the reactimeter measures the reactivity of the sub- 
critical reactor. 

The efficiency and regulating characteristics of emergency 
control cassettes are measured in much the same way. The 
difference is that a shift of a cassette releases reactivity as 
a result of the neutron absorbing rod in the core being re- 
placed by the nuclear fuel. Tho path covered by an absorp- 
tion rod in the cure is about equal to the core height where- 
as that of the cassette is double the core height. 


— ee _fteactor Operation — 


Heat is released in the control devices dua tao gamma. 
quantum absorption, whereas in materials containing boron 
the heat is due to a-particle absorption and absorption of 
"Li nuclei emitted in the "B (n, a) Li reaction. The amount 
of heat liberated in the control rods may reach a very high 
level. In that event they are couled by » coolant which 
circulates in a separate self-contained loop, In reactors at 
the Beloyarsk APS the absorption rod moves in # metal 
pipe contained in another metal pipe of greater diameter. 
Water is pumped in the space between the inner and outer 
pipes. Heat from the absorption rods is transferred to the 
water as radiation. In WWPRH, heat is transferred from the 
emergency control cassettes by the coolant in the first loop. 
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13.5 Reactor Start-Up and Shutdown 


Physical start-up. Physical start-up of a reactor includes 
charging of the reactor (insertion of fuel assemblies into 
the core), approach to the critical Jevel and the carrying 
out of experiments at the physical power level at which 
heating duo to fission is not high. Let us examine the physi- 
cal start-up of graphite-water reactors. 

Prior to physical start-up the reactor is assembled with- 
out the fuel channels. The safety control system, radiation- 
monitoring instruments, ventilation system, sound emer- 
gency system and others are all tested. The safety control 
system includes equipment which is used to start a reactor 
and raise its power to the prescribed operating value. 

The sensitivity of standard start-up equipment is compar- 
atively low. The equipment begins to control the chain 
reaction at a certain power level termed the minimal cont- 
rolled level (MCL), which is about 10-5 P,., where P, is the 
rated reactor power. To regulate the chain reaction below 
the MCL, temporary start-up equipment is installed in the 
reactor which is capable of registering flux densities q > 
7 108-107 neut./m?-s. The detectors of this temporary 
start-up equipment are mounted in several channels. Before 
admitting any active material into the fuel channel an arti- 
ficial neutron source with an intensity of Q neut./s is placed 
at the centre of the core and the central channels are then 
loaded. 
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The neutrons emitted by the suurcs can multiply i sthe 
critical reactor. The neutron flux density y (r) at some points 
is proportional to the ratio Q/(1 — keg). As the reactor 
approaches the critical point (fey = 1) neutron multiplica- 
tion in the core and their flux density «p(r) begin to increase 
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Fig. 13.4 Dependence of reriprecel omnes rate on number of loaded 
fuel channe 


at an infinite rate. The counting rate S of the detector mount- 
ed at point r in the core is proportional to the neutron flux 
density @ (r). Hence, the closer key is tv unity, the greater 
is the counting rate S. 

When determining the critical mass experimentally it is 
more convenient to use the reciprocal of the counting rate, 
4/S. This quantity is proportional to 1 — keg and on ap- 
proach to the critical point it tends to zero. 

Approach of the reactor to the critical point occurs as 
follows. Before the fuel channels are loaded (this is done 
outwards from the centre of the core to the edge) the count- 
ing rate is measured. The reciprocal of the counting rate 
is then calculated and the firat point is plotted on the graph 
of 1/S as a function of number of loaded fuel channels 
(Fig. 13.4). Then m, fuel channels, which is not more than 
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30% of the computed critical amount, arc loaded. ‘The count- 
ing rate is ubserved and the second point of the reciprocal 
of the counting rate is plotted. It will be lower than the 
first point. 

A straight line drawn through the two points intersects 
the abscissa axis at a point corresponding to m% fucl chan- 
nels. This value may be regarded as a first approximation 
for the critical number of fuel channels. The next load is 
chosen so as not to exceed (m? — m,)/4. Again the counting 
rate is measured and the third point is plotted. The straight 
line drawn through points two and three intersects the 
abscissa axis at point m®. This is the second approximation 
to mer. Each following load is made smaller than (m\?) — 
—m,)/4, where m{} is the critical number of filled fuel channels 
in the ith approximation and m; is the number of actually 
filled channels after the ith loading. When the subcritical 
multiplication constant reaches 25-30 (ke = 0.96-0.97) the 
fuel channels are loaded one by one. This renders it possible 
to determine the critical point rather accurately. 

The determination of the critical mass is a very serious 
procedure. All possible measures are taken to ensure nuclear 
safety. The power level is controlled by a temporary, highly 
sensitive start-up device. The control rods of the SCS are 
withdrawn from the core in loading of the fuel channels. 
However, in the event of an emergency they are immediately 
dropped back into the core. 

The reactivity excess needed to compensate burn-up, the 
temperature effects, poisoning and slagging is built up by 
loading m fuel channels in the core, m being tens of times 
greater than m,,. For example, in the high power channel 
reactor-1000 (HPCR-1000) the ratio m/m,, ~ 70. Prior to 
build-up of a reactivity excess the efficiency of the SCS con- 
trol rods near the critical point is determined. Afterwards 
some of the shim rods are lowered into the core and more fucl 
channels are loaded until the reactor is brought up to the 
critical point in the presence of the neutron source. The 
efficiency of the rods is determined again and a second por- 
tion of shim rods is introduced into the cuore and more fuel 
channels are loaded etc. 

After the reactor is fully loaded the efficiency of the SCS 
rods is checked; the distribution of heat release in the core 
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volume is measured and the effect on the reactivity of filling 
of the fuel and SCS channels with the coolant is determined. 
Finally the sequence in which the SCS rods will be moved 
in the operating reactor is determined. 

The order in which a WWPR is assembled is different. The 
dry reactor without the coolant is first assembled; the neut- 
ron source is then lowered into the core and the level of 
the water in the core and reflector is gradually raised. 

Power start-up. Gradual raising of the power level from 
the physical power lovel to a level which is sufficient to 
drive the turbines and carry out oxperiments is termed the 
power start-up of an APS. 

Before power start-up the coolant is circulated through 
the loops and the equipment and regulation and control 
systems are checked. During the first stage of the start-up 
the power level is raised to the minimal controlled level, 
and the chain reaction is controlled by the temporary start- 
up equipment which is sensitive to low neutron flux densities 
at low temperatures. At power levels higher than the MCL 
the flux density and temperature are not low and therefore 
above the MCL the power level is controlled by standard 
start-up equipment; the temporary equipment is usually 
dismantled and the channels from which the detectors are 
removed can be used as fuel channels. 

At a power level of (0.05-0.1) P, the reactor and coolant 
loops are warmed up, the temperature effects measured and 
the accuracy of the instruments employed to measure the 
coolant flow rate and temperature is checked. After warming- 
up of the reactor and loops, the power level is gradually 
raised to the rated capacity. For example, the power level 
of unit II of the Leningrad APS was raised in several stages. 
The power level was initially brought up to 500 MW; ten days 
later it was increased to 750 MW, and finally raised to full 
power, 1000 MW. 

The experimental results obtained during the physical and 
power start-up of the reactor are subsequently used to plan 
the operation routine of the reactor installed in an APS. 

A reactor unit of an APS is shut down for reloading of the 
fuel channels, routine inspection or repairs and also in the 
event of an emergency. A shutdown reactor is started up by 
means of the standard start-up equipment. 
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The initial (zero) power level P, of a shutdown reactor 
is determined by spontaneous fission of the uranium nuclei 
and by fission due to photoneutrons. In power reactors P, 
is 10-7-10-* W. If a neutron source is placed in the power 
reactor, P, rises to 10-8-10-? W. 

The power rise from the initial to rated level can be di- 
vided into 3 energy ranges: the start-up (P»>< P< 10-°P,), 
minimal automatically controlled (10°P,< P< 10-*P,) 
and operating range (10--P,< P< P,). The division into 
power ranges depends on the sensitivity of the start-up 
equipment. 

In the start-up range only a high sensitivity detector, 
such as that used in the physical start-up of a reactor, is able 
to register the neutron flux density. Standard start-up equip- 
ment is used in an operating power reactor. It is less sensi- 
tive and begins to register the flux density only at the MCL 
near the end of the start-up power range. Raising the reac- 
tor to the MCL is not a simple matter since standard start-up 
equipment cannot control the flux density at power levels 
below the MCL. The broad range of uncontrollable changes 
in the power level makes it imperative to have a safe and 
reliable method for a build-up to the MCL. One of the most 
widespread ways is the step by step withdrawal of the auto- 
matic control rod inserted at a depth H into the core. The 
control rod is removed from the core in successive steps 
AH < H. The steps are separated from each other by a time 
period tg. At one of the steps a subcritical reactor becomes 
supercritical. On the basis of the experimental results ob- 
tained in the physical start-up such values of AH and tq are 
chosen that the reactor is brought up to the MCL during 
a sufficiently safe period of time, say, T> 30 s. 

For example, in the start-up of the first APS, paired con- 
trol rods were withdrawn 4 times by 10 cm with a 1 minute 
delay. After the fifth rod shift the delay was increased to 
3 minutes. Each shift involved a reactivity change of 4.5 x 
¥ 10-+. The neutron flux density growth rate was such that 
the whole start-up required from 8 to 10 minutes. 

Start-up to the MCL is safer in a subcritical reactor with 
a neutron source since the critical point is reached in coutrol- 
led conditions. For instance, a shutdown WWPR is brought 
up to the critical state by referring to the MCL. The detec- 
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tors of the highly sensitive start-up equipment are located 
in loops outside the WWPR body. 

Reactor shutdown. There are two distinctive features in 
the power level change of a shutdown reactor that must be 
taken into consideration when running an atomic power reac- 
tor. It has already been mentioned that a reactor with 
a reactivity p< Per can be treated as a prompt neutron 
subcritical reactor with a delayed neutron sources located 
in the core. After SCS control rods with an efficiency Ak are 
lowered, k, drops from 1 — Bog to 1 — (Ber + Ak). The 
power level of the reactor falls from P, to some Py, in a very 
short time. According to formula (13.4) the power change is 


Po = Py Bert/(Betr Se Ak) 


After the rapid power change has occurred delayed neut- 
rons begin to influence the power level. They are emitted by 
fission fragments formed in the core prior to the SCS control 
rod drop. As a result the power level slowly decreases in 
accordance with the law 


P (t) = Poet 


The period 7 of a shutdown reactor depends on the life- 
time of the delayed neutron emitters. Short-lived fission 
fragments decay first and then the long-lived ones. Therefore 
T increases and after some time it is determined by the 
emitters with the longest lifetime which is about 80 s. 

Delayed neutrons prevent an instantaneous stoppage of the 
chain reaction in a shutdown reactor. It is necessary to 
produce a negative reactivity as large as possible in order 
to evoke a fast change in the fission rate. In this case the 
fission rate in the core may drop practically to zero in the 
course of a few minutes. 

Another characteristic of a shutdown reactor is the prv- 
tracted "decay of fission products in the core. Due to the 
decrease of concentration of the fission products the inten- 
sity of the radiation emitted by them also diminishes. The 
heat generated as a result of adsorption of fission product 
radiation in a shutdown reactor is called the residual heat 
After a Jong run of the reactor the amount of residual heat 
released can be evaluated from the empirical formula 


Prey (t) = 0.065P,¢-°-? 


Heactor Operation LJ 


where ¢ is the time lapee after the SCS enatmt mt fevg, « 
P, is the power level of the reactor, KW. The frenmiie x 
valid for time periods ¢ > 16 s. 

The level of the residual heat is proportional tea te ona 
tor power level P, and may remain high for 2 long ‘iene. 
For instance, two hours after shutdown P... = HGP, 
Therefore the coolant is pumped throngh the reactor Sire 
a day or two to eliminate the possibility of fel chamnni 
damage or destruction of other units of the reacter. 

The residual heat in a nuclear power anit is tally m- 
moved by a special shutdown cooling system comnectied: te tita 
first loop. It is brought into operation after the SCS central 
rods have been dropped into the core. 


13.6 Heat Generation and Heat Exchange im Reactess 


Heat generation in a reactor. Fission energy is comverted 
into thermal energy in various ways. About 90% of tihe drat 


The intensity of heat release in nuclear fue 
to the fission rate per unit volume which for a therm! mem- 
Pen reactor is =;q (2, is the macroscopic fissiom cross sweethanr 
of the nuclear fuel and q is the thermal neutrom ®ux densaax 
in the nuclear fuel). If the nuclear feel comeemtmatinvm ie 
the core is constant the intensity of heat evolution will de 
proportional to the flux density ¢. The remaining KO) ai 
the fission energy is liberated in other core compoments 
(moderator, coolant, structural materials) and im the meee 
tor and radiation shielding as a result of y-quaatam aboorp 
tion or slowing-down of fast neutrons. 

The heat flux density as well as the neutrom Bax dean 
is not uniform throughout the core. The peak valee of the 
heat flux density is at the centre of the core, and the wander! 
value is near the border between the core and the redector. 

The heat flux density nonuniformity cvelicieat aad eet 
ron finx density nonuniformity coefficient are simatar At 
high kp, values the channel is unevenly heated. Thus a bee 
central channels are heated to much higher temperate 
than the others. In power reactors it is prodtable te bare tbe 
heat load the same in all channels, Tu achieve this the beat 
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release must be uniform along the radius. The _ reflector 
reduces to some extent uneven heating in the core. However, 
in large reactors the power level of the peripheral channels 
is about half that of the central channels. 

To level out heat generation along the radius of the core 
the specific fission rate is increased near the boundary be- 
tween the core and the reflector. This is done by increasing 
the **U concentration in the peripheral fuel channels. This 
equalizing of heat generation is termed nuclear profiling. 

Uniform heat release along the radius is attained by di- 
viding the core into several concentric zones. The amount 
of **U in the fuel channels is greater in those zones which 
are farther from the axis of the core. 

Achievement of complete uniformity of heat release in- 
volves additional expenditure as it is necessary to fabricate 
nonstandard fuel assemblies. Moreover, the reactor design 
is more intricate, the nuclear fuel load is greater etc. This 
explains why at present the intensity of heat generation is 
not completely equalized throughout the core. The heat 
flux density nonuniformity coefficient kp can usually be 
reduced only to 1.2-1.3. However, even this is enough to 
appreciably increase the mean nuclear fuel burn-up. 

There are dozens of absorption rods in power reactors. The 
nonuniformity of heat release along the radius becomes 
less if the absorption rods are placed so that the lattice 
spacing decreases towards the centre. 

In a reactor in which the heat production has not been 
levelled out, nuclear fuel burn-up at the end of the operat- 
ing period is highest in the central fuel channel and lowest 
in the peripheral ones. If some of the central channels are 
removed towards the end of the operating period and replaced 
by the peripheral channels and if the latter are charged 
with fresh fuel elements, the reactivity excess and fission rate 
in the outer channels will increase. It is difficult to attain 
a value of kp close to unity by this method of partial recharg- 
ing. Nevertheless it greatly increases the burn-up of the 
nuclear fuel. The WWPR-440, HPRC-1000 and Beloyarsk 
APS reactors operate in this partial recharging regime. 

The efficiency of a power installation depends on the 
mean temperature of the coolant at the reactor outlet which 
even in a partially heat-uniform reactor js lower than the 
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maximum temperature at the outlet of the central fuel 
channels, Hydraulic profiling can be employed to increase the 
efficiency of a reactor. A regulating head is mounted at the 
inlet of each fuel channel. The volume of the coolant pas- 
sing through it is proportional to the power in the fuel chan- 
nel. For such flow rates the exit temperature of the coolant 
will be the same for all fuel channels. By this method the 
mean exit coolant temperature can be made to approach the 
maximum temperature. Both nuclear and hydraulic profiling 
are employed in modern APS reactors. 

Coolant flow rate. The coolant volume flow rate in a reac- 
tor with a power P is 


V = PleAt 


where c is the heat capacity per unit volume of the coolant 
and At is the difference between the outlet and inlet tem- 
peratures. 

The volume flow rate V is inversely proporticnal to c. 
Heat is most readily removed by water, sodium etc. An in- 
crease in the volume flow rate involves an increase in the 
power spent in pumping, which is proportional to the square 
of the coolant flow velocity. Therefore in some cases to 
reduce the flow velocity the coolant is heated to a greater 
degree in the reactor. For example, when heat is removed by 
a gas At may be as high as 200-350 °C and for sodium it is 
150-200 °C. 

Heat transfer coefficient and heat flux density. The intens- 
ity of heat exchange between the fuel element surface and 
the coolant is determined by the heat transfer coefficient a. 
This is the amount of heat transferred through a unit surface 
per unit time when the difference between the temperatures 
of the surface and coolant is 1°C. The heat flux density 


q = @ (t; — ?t) (13.9) 


where ¢, is the surface temperature of the fuel elemeut jack- 
et, °C; and ¢ is the temperature of the coolant, °C; @ is the 
heat transfer coefficient, kW/m?-K. 

The heat flux density in modern power reactors may be as 
high as several thousand kilowatts per m*®. The heat trans- 
fer coefficient a is proportional to v®" (v is the coolant flow 
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velocity). Therefore at a constant value of q the tem perature ¢, 
falls as the velocity v grows. The upper velocity limit of the 
coolant is restricted by erosion of the surface of the fuel 
element jacket. A fluid flowing at a high velocity can wash 
out microscopic metal particles from the fuel element surface. 
Prolonged erosion may lead to rupture of the fuel element 
jacket. The maximum coolant velocity which does not 
evoke inadmissible surface erosion is less than 10 m/s. High 
values of the heat transfer coefficient for gas coolants are 
obtained by pumping the gas through the core at a velocity 
up to 60 m/s. The maximum gas velocity is chosen in such 
a way as to make both the heat transfer coefficient and the 
pumping power consumption as optimal as possible. 

The temperature drop At =t;—¢t in non-boilers is lim- 
ited either by film boiling or chemical instability of struc- 
tural materials which are in contact with the coolant. In 
the WWPR and GWR film boiling can occur at low tempera- 
tures. The maximum temperature for liquid metals in reac- 
tors is significantly lower than the boiling temperature. In 
this case the temperature drop is limited by chemical instab- 
ility of the structural materials. 

Let us examine heat transfer in a WWRP or GWR with 
boiling water. As the wall temperature rises the temperature 
drop At will also rise. Steam bubbles begin to appear on the 
walls; they grow and then tear away from the surface. This 
causes additional agitation of the water near the wall and 
heat transfer improves. This regime of boiling is termed 
nucleate boiling. As the temperature difference grows. more 
and more bubbles appear at the wall surface. At a certain 
temperature difference a steam film appears instead of bub- 
bles and nucleate boiling goes over to film boilings. Steam 
is a poor heat conductor. Hence in film boiling heat trans- 
fer is sharply impaired and the danger of overheating the 
fuel elements arises. 

The danger of film boiling arises when nonboiling WWIPR 
or GWR are shut down and the sudden pressure drop in the 
first loop is not accompaniod by a corresponding reduction 
of the reactor power level and water tomperature. 

In the cores of boiling WWPR and GWR nuclear boiling 
occurs. ‘The fuel elements operate under greater stress in 
a boiling reactor than in a non-boiler, 
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Temperature distribution. Due to heat generation and heat 
transfer in the core the temperatures of the coulant ¢ (z), of 
the fuel element jacket ¢,(z) and the nuclear fuel t, depend on 
the height z. The dependence of the temperatures on the high 
z in a fuel channel contain- 
ing a rod fuel element is 
shown in Fig. 13.5 for a 
reactor without end reflec- 
tors. The centre of sym- 


metry of the channel is = iene erence ean Zz 
chosen as the origin of the ci heal 


coordinates. The coolant 
temperature f(z) monoto- 
nously rises from the inlet 
temperature t,to the outlet 
tem perature t,. The heating 
of the coolant At =i, — t, 
in a reactor of a given pow- 
er level is dependent on 
the coolant flow rate V. The 
greater the flow rate V the 
less is the coolant heating. 47 “44 9 HK ie 
The temperature of a fuel 
element jacket is, according Fig. 13.5 Heat flux density , tem- 
t, e i 


it 


to formula (13.5), peratures of coolant : 
| jacket t, and nuclear fuel 1; as func- 
ty =t (2) + (ala tions of height in a fuel channel 


The heat flux density q (z) 
along the channel in a reactor without end reflectors, as 
well as the neutron flux density, vary according to a cosine 
law: 

q (Zz) = qe cos Wis 
where g, is heat flux density at the centre of the channel: 
A is the height of the channel; d is the extrapolated car- 
rection. 

The heat transfer coefficient a does not vary appreciably 
along the axis of the channel provided the state of coolant 
aggregation remains unchanged. Therefore the temperature of 
the jacket surface ¢, (s) depends on two quantities ¢ (zs) and 
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q (z). The first function monotonously increases with increa- 
se of 3. whereas the second function (for 2 >) monoto- 
nously decreases. As a result of such variation of ¢ (z) and q (z) 
the jacket wall temperature ¢;(z) is highest in the region 
from z = 0 to z = H/2. The maximum can be explained by 
the fact that the coolant temperature at the outlet is almost 
constant whereas the heat flux density falls sharply. 

The permissible temperature of the jacket surface is de- 
termined by its corrosion resistance in the coolant, mecha- 
nical durability and by the possibility of film boiling in 
non-boilers. 

The nuclear fuel temperature varies along the radius and 
reaches its maximum value f, (z) at the axis of a cylindrical 
fuel element. The difference between the temperatures f, (z) 
and ¢;(z) depends on the heat flux density q (z), 
thickness of the fuel element jacket 5, slug radius R, jacket 
thermal conductivity 4; and nuclear fuel thermal conduc- 
tivity A,. It can be expressed by the formula 


ty (z) = t; (z) + q (2) 8/Ay + q (2) R/2Qy 


The variation of temperature ¢, (z), with a constant R, is 
influenced by two quantities, t; (z) and q (z). The tempera- 
ture of the jacket wall at first rises, reaches a peak and then 
falls. The heat flux density gq (z) is (for z > 0) a monotonously 
decreasing function of z. Therefore the maximum tempera- 
ture at the axis of a cylindrical fuel element (see Fig. 13.5) is 
closer to the centre of the channel than the maximum tem- 
perature of the fuel element jacket. 

The maximum temperature of the nuclear fuel and also the 
specific power are restricted by the melting temperature, 
nuclear fue] swelling and compatibility of the fuel element 
jacket and nuclear fuel. 


CHAPTER 14 


ATOMIC POWER ENGINEERING 


14.1 Development of Atomic Power Engineering 


At present the main sources of energy are organic fuels 
(coal, oil, shale, gas). The reserves of these fossil fuels in the 
earth’s crust are limited and are gradually being exhausted. 
This explains why mankind is already confronted with the 
problem of replenishing its energy resources. The solution 
of this problem will also have a beneficial effect onthe de- 
velopment of the chemical industry: fossil fuels may then 
be used as raw materials for manufacturing synthetic fibers. 
plastics, fertilizers etc. 

One feasible way of replacing fossil fuels is to burn nucle- 
ar fuel in nuclear reactors. The natural supply of nuclear 
fuel and nuclear materials is so great that it can provide 
mankind with electric power for hundreds of years. The 
composition and properties of nuclear fuels are the objects 
of intensive research in many countries. Scientists and 
engineers are striving to find such compositions of nu- 
clear fuels and the ways to burn them which will yield cheap- 
er energy than we now obtain by burning organic fuel. 
The research is primarily aimed at designing efficient APS. 

The first APS with an electric power output of 5MW was 
put into operation on June 27, 1954 in Obninsk. This first 
atomic power station was built by a team of scientists, 
engineers and technicians which included the well-known 
scientists I. V. Kurchatov, D. I. Blokhintsev, N. A. Dol- 
lezhal, A. K. Krasin and others. The successful operation 
of the first APS over many years has shown that atomic elee- 
tric power plants can be safely operated. Reactor radia- 
tion shielding ensures safety of the APS personnel. The ra- 
diation dose in the vicinity of the plant has not been observed 
to exceed the natural dose. The first APS gave an impetus 
to the development of atomic engineering. Extensive studies 
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were begun in many countries to find accoptable APS designs 
inorder to supplement the available onergy resources, 

Atomic scientists of many countries meet regularly in 
Genova at international conferences to discuss the results 
obtained in their research and the prospects of atomic en- 
ginooring. The first conforence was held in 1955, the second 
n 4958, the third in 1964 and the fourth in 1971. At the time 
of the first conferonce only the first Soviet APS was in 
operation with an electric power level of 5000 kW. By the 
end of 1975, however, there were more than 100 stations 
with an aggregate capacity of 80 GW. In 1985 the APS 
electric power capacity is expected to reach 1250 GW 
and to provide one fourth of the demand in electric 
onergy. 

The Soviet Union possesses tremendous fossil fuel resources 
which can meet the demands for hundreds of years. How- 
ever, the natural sources of coal, oil and other fuels are lo- 
cated only in a few distinct regions of the country and there- 
fore transportation over long distances is required. Thermal 
electric power stations in the European part of the USSR 
use such expensive fuel transported from afar. This is one of 
the reasons why it is profitable to build APS in these regions 
to get. cheaper electric energy. As atomic electric power gets 
cheaper APS will be built in other parts of the country as 
well. Several big multi-unit APS are already operating in 
the USSR. They will be enlarged and new APS will be con- 
structed (Table 14.1). In 1977 the total APS capacity in the 
USSR was 7 GW; by 1980 it has risen to 13-15 GW. 

In regions which are located at considerable distances 
from the gas, coal and oil sources it should be advantageous 
to build low-power APS. A four-unit atomic thermal and 
electric power plant is in operation in the small town of 
Bilibino (Magadan region). The electric power generated 
in each unit is 12 MV. The unit consists of a channel] graphite 
boiler reactor with natural convective motion of the coolant. 
The heat power produced in the unit is 62 MW. The design 
of the reactor does not differ appreciably from that of the 
first APS. The Bilibino atomic power plant supplies electric 
power to some industrial plants and to the town itself. 
From 70 to 116 MW of hot water is used for heating factories 
and houses in the town. 
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Table 14.) 
APS Operating or Under Construction in the USSR 


Hloctric power level | Number of 


units In 
of APS unit, MW operation 


Name Typo of reactor 


First GWKh 4) { 
Kurchatov __ Belo- 

yarsk 2 

unit I GWR 100 

unit IT GWR 200 

(unit III)* FN-600 600 
Novovoronezh 4 

unit I WWPR-210 210 

unit Il WWPR-365 365 

unit III-I1V WWPR-440 440 

(unit V) WWPR-1000 1000 
Siberian GWR 600 1 
Lenin Leningrad HPCR-1000 1000 2 
Shevchenko FN-350 150 1 

(1.2 < 10° t/day 
of water) 

Kolsk WWPR-440 440 2 
Bilibino GWR 12 4 
Kursk HPCR-1000 1000 1 
(Smolensk) HPCR-1000 1000 
(Kalinin) WWPR-1000 1000 
(Rovno) WWPR-1000 1000 
Chernobylsk HPCR-1000 1000 
(South Ukranian) | WWPR-1000 1000 
Armenian 

unit I WWPR-440 440 

(unit IT) WWPR-440 440 
(1gnalinsk) HPCR-1500 1500 


* Brackets denote units and APS under construction. 


Soviet scientists and engineers have designed an APS 
using a fast neutron breeder reactor, the FN-350 with a 
350 MW electric power capacity of the unit and an APS 
with a reactor FN-600 with a power of 600 MW. On the basis 
of studies conducted in the designing of the FN-350 and 
FN-G00 more powerful APS are being worked out with 
improved technology and better economical and nuclear 
fue! breeding characteristics. 
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Power reactors can bo extonsively used in dosalting water, 
Tudustrial development in some regions of the world is inhibit- 
ed by a lack of fresh water. ‘ho Donbas, some regions on 
the shores of the Caspian sea are oxamples of such regions 
in the USSH. Thore are two ways of supplying fresh water 
to these regions: by digging canals and pumping fresh water 
from rivers, or by building power facilitios to desalt water. 
In the regions mentioned above there are great amounts of 
salt water. In somo regions the first way seems to be the 
more economical and in others, the second. 

The use of poworful reactors in desalination installations 
should facilitate the production of cheap fresh water. Hope- 
fully the cost of the fresh water will be low enough to make 
it protitable to supply it to industrial contres or to use it 
for irrigation, 

Atomic power desalination installations can serve three 
purposes. They will gonerate electric power, provide heat 
for buildings and desalt water. If the source of energy in 
the facility is a fast. breeder it will reprocess 8U into *? Pu. 

An atomic-power desalter has been built in Shevchenko 
on the shores of the Caspian Sea. It is equipped with 
a FN-350 breeder with a thermal power capacity of 1000 MW. 
The electric power level is 150 MW and 1.2 « 10° m® of 
water can be desalted daily. 

Studies are being conducted with the aim of converting 
atomic energy into electric energy directly without making 
recourse to the steam generation stage. In such APS it should 
not be necessary to install costly steam generators, turbogen- 
erators, circulating pumps etc. However, the application 
of such reactors is a complicated problem. The first fast 
neutron reactor-converter in the USSR, “Romashka”, was put 
into operation in 1964-1965. A reflector transferred the 
heat generated in the core to a thermal element consisting 
of silicon-germanium thermocouples. The hot ends of the 
thermocouples facing the reflector are joined in pairs, the 
cool ends are connected to a common electric circuit. 

Appreciable efficiency of the thermal element requires 
high temperatures which are limited by the thermal sta- 
bility of the structural materials. In the “Romashka” the 
maximum temperature of the core did not exceed 1900 °C 
and the temperature of the reflector surface, 1200°C. The 
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thermal power of “Romashka” was 40 KW, the elvctric 
power, 0.5 KW. From this it can be soon that the efficioney 
was rather low. about £%. Furthor studios of thermoelectric 
reactors are aimed at raising their efficiency. 

In anothor Soviet installation (“Topaz”) a thormionic 
generator is used. The moderator is mado of zirconium hy- 
dride, and the reflector, from boryllium. The electrogenerating 
channels, whose design is rather intricate, are located in 
the moderator. The main components of the channel are the 
electrodes (fuel element emitter and collector) separated by 
a small vacuum gap (interelectrode gap). ‘The electrodes 
are commutated and connected to the consumer electric cir- 
cuit. 

A fraction of the heat roleased in the fuel element is spent 
in the ejection of electrons from the surface of the jacket: 
the remaining heat is removed from the core by the coolant 
(Na-K eutectic). The electrons from the omitter traverse the 
interelectrode gap, strike the collector and thus close the 
electric circuit. The thormal power of the reactor is 130. 
150 kW whereas the electric power does not oxecood tO kW. 

The Soviet Union lends technical assistance to the Se- 
cialist countries in building atomic power stations. Soviet 
experts have participated in building on the basis of Soviet 
designs a 70 and 880 MW oloctric power APS in the German 
Democratic Republic, a 880 MW station in Bulgarin and 
150 and 440 MW APS in Czochoslovakia, Atomic power sta- 
tions with WWPR are boing built in Rumania and Hungary, 

An APS using a WWPR with a 440 MW electric power 
capacity has been built in Finland with the technical aid of 
the USSR. Our country has presented India the technical 
documentation for a 50 MW oloectric power fast reactor. 

World fuel resources are distributed unevenly. Some count 
ries are well supplied wheroas others (Japan, tally and 
others) experience an acute shortage, 

This uneven distribution of fossil fuels in capitalist count: 
ries is related to the rise in prices of off and yas and to 
the energy crisis of 1973-1974. This oxplains the growing 
importance of APS as a source of energy whieh can curb 
the import of organic fuels, 

The highest rate of atomic power growth is tu the USA 
(Table 14.2). In 1975.54 APS worn in operation in the USA 
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with an aggregate capacity of 37.5 GW. By 1980 the number 
of APS will increase to 200. Emphasis in the USA is placed 
on APS with boiler and non-boiler WWPR with units up 
to 1100-1300 MW. 


Table 14.2 
APS Capacity in Some Countries as of January 1, 1976 


APS power 

Country nas éanacity. Gw 
USA 54 37 .50 
Great Britain 14 6.10 
France 9 3.03 
German Federal Republic 8 3.47 
Canada 4 2.65 
Japan 10 5 .48 
Other capitalist countries — 14.9 


In Great Britain, vessel GGR with a carbon dioxide 
coolant and natural or enriched uranium are predominantly 
used. Plutonium is produced in the reactors with a CF ~ 
sw 0.8. The aggregate capacity of the 14 APS was 6.1 GW 
by}the end of 1975. Five more APS are being built with 
an ;aggregate capacity of 6.2 GW. 

{n Canada heavy water reactors on natural uranium are 
mostly used. By 1985 the aggregate capacity of the Canadian 
APS will rise to 14 GW. 

In all countries atomic engineering at present is based 
on the application of thermal neutrons. However, it is expec- 
ted that in the future there will be a switch over to fast 
breeders. 

Atomic electric power installations are being applied 
for propulsion of ships (ice breakers, submarines etc.). 
The atomic-powered ice-breakers Lenin, Arctica, Siberia 
of the Soviet arctic fleet are driven by power installations 
containing 2 WWPR. An atomic ice-breaker has one impor- 
tant advantage compared to the conventional ones: the 
latter must be refueled once a month whereas an atomic- 
powered ice-breaker cau operate several years without any 
recharging of the reactors. 
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About thirty per cent of the useful atomic energy is uti- 
lized to gonerate electric energy. The other 70% is used in 
transport, in various technological processes (smelting of 
cast iron, steel and nonferrous metals, hot rolling of metals, 
etc.), in the chemical industry, for heating etc. In these 
cases also atomic power can save organic fuels. 

The most promising reactor for many technological processes 
are high-temperature gas-cooled reactors (HTGR) with a he- 
lium coolant. Such reactors are being designed in the USA, 
Goan Britain, the Federal Republic of Germany and the 

Energy installations with HTGR can be used as a source 
of heat in technology, to generate electric power, for central 
heating and so on. For example, helium heated to a high 
temperature first loses a fraction of its heat in technological 
apparatuses and is then directed to the electric power generat- 
ing units. 

A 342 MW power plant with a HTGR is in operation in the 
USA. Helium heated from 404 to 775 °C circulates in the 
first loop. Water steam circulating in the second loop enters 
the turbine at a temperature of 538°C. Single loop APS 
with HTGR are being designed at present. 

Some technological problems which can be solved by 
using HTGR are as follows. 

1. The production of hydrogen from natural gas (methane). 
Helium heated to about 950 °C together with a mixture of 
methane CH, and steam are admitted into a furnace. The 
chemical reaction in the heated mixture is 


CH, + 2H,0 = CO, + 4H, 


The hydrogen obtained in this way can be used in petro- 
leum cracking, reduction of iron oxides (metallurgy), synthe- 
sis of ammonia (fertilizer manufacturing) etc. For instance, 
the reduction of ferric oxide may be written as follows, 


Fe,0, + 3H, = 2Fe + 3H,0 


2. Coal gasification. Helium enters the gasifier at a tem- 
perature of 1000-1200 °C. Part of the heat in gasitier main- 
tains the chemical reaction yielding methane 

3C + 211,0 4% CHI, +- 2C 
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14.2 Atomic Power Economics 


One of the main economical characteristics of an APS 
is the cost of the electric energy generated. The cost of 
energy is made up of all capital and operating charges. 

Let us examine what these charges are. A certain sum, 
say A rubles, is invested to construct the APS, i.e. to erect 
the building and reactors, buy equipment etc. These 
investments are termed capital charges. The building and 
equipment are used, say t, years. In that time they become 
unfit for further use or their further use is economically 
unprofitable. Therefore the capital expenditures must be 
compensated by selling electrical energy in equal portions of 
(/t. = aK rubles annually. The cost due to depreciation 
of the buildings is called the capital component. 

As in other power stations there are charges for the oper- 
ating personnel. Lubricants must be bought for the APS. 
a certain amount of electrical power is used etc. The annual 
personnel and operating charges are called maintenance ex- 
penditures Mj 

The capital component and maintenance expenditures do 
not depend on the annual electric energy output. Therefore 
they can be added together to yield the first term of the 
cost of electric energy 


C,=akK+M 


Now let us examine how the burning of nuclear fuel in the 
reactor contributes to the cost of power. Let the cost of the 
fresh fuel channels in the core be Cy. After an operating 
period of t days the reactor is recharged. Almost all fission- 
able material in the replaced fuel channels is unused. Be- 
sides, due to plutonium build-up the value of the fuel chan- 
nels is increased. These channels are sent to a chemical proc- 
essing plant’ where the fissionable material is reclaimed 
and used again as nuclear fuel. The sum annually spent on 
vurchasing fuel channels for the APS is 


365 |, 
Cy aera (C Cy) 


where C , and C,, are the costs of now and used fuel channels 
respectively, and tis the operating period ex pressed in days. 
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The annual expenditure on nuclear fuel C, is called the 
fuel component of the cost of electric power. Unlike the 
capital component and maintenance expenditures it is a func- 
tion of the amount of electric energy generated by the APS. 
As the amount of electricity supplied to the consumer in- 
creases the number of exhausted fuel channels also increases 
and the fuel component C, will be correspondingly higher. 
The annual expenditure of an APS is 


C=C,4+0C, 


This sum yields the cost of the electric energy produced 
a year. 

Up to this point we have discussed only the total annual 
energy cost and have not considered the amount of electric 
energy supplied to the consumer. Thermal and electric 
energies are measured in kilowatt-hours. The cost of a kilo- 
watt-hour is found by dividing the total energy cost C by 
the amount of electric energy expressed in kilowatt-hours 
generated by the APS in a year. 

If the"APS runs uninterrupted a whole year at its rated 
electric power capacity of P., kW, it will generate bP, 
kWh of electric energy, where b = 875() is the number of 
hours in a year. However, the APS is usually shut} down from 
time to time for preventive repairs, recharging’ of the fuel 
channels etc. Because of these shutdowns the annual energy 
output! drops to nbP., kWh. The coefficient n denotes the 
fraction of time the APS operates at its rated capacity dur- 
ing a year and is called the use factor. Thus the cost of a kilo- 


watt-hour is 
c= C/nbP ey 


Only part of the reactor thermal power P,, is converted 
into electric power at an APS 
Pe = 1P th 
where y is the APS thermal conversion efficiency. Replacing 
the electrical power in the cost price formula by nP,, we 


get 
e - C/nybP yy 


To lower the cost of 1 kWh of electric energy the use 
factor n and the efficiency n should be increased. The factor 
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ncan bo increased by reducing the duration of planned het. 
downs and by ensuring failure free operation of the APS. 
In hig present-day APS 1 is approximately 0.70.85. To in 
crease the APS efficiency 4 the plants are designed ty posunns 
high levol steam characteristics (temperature, pressure). Is 
many countrios APS are being designed in which the steam 
is delivered to the turbine at 5607C and a pressure of 
250 atm. The efficiency of such APS is 0.46. fn single-Jonup 
APS using HTGR with the outlet temperature of heliusa of 
900 °C the efficiency will rise to 0.6. In present day APS 
it is 0.25-0.37. 

Now let us investigate how the reactor thermal power ca. 
pacity influences the cost of 1 kWh. For this purpose we exasn- 
ine separately the first constant component and the fuel 
component of the cost of a kilowatt-hour. For simplicity we 
assume n = 1 and yn = 1: 


c= C,/bP xy, + C./bP up 


Capital charges for construction of the reactor building 
ure determined by the size of the building and not by the 
power level of the reactor to be installed. Irrespective of 
the thermal capacity of the reactor aK rubles must be re- 
turned annually. Therefore with an increase in the reactor ther- 
mal capacity the deductions required to cover the capital 
charges per kilowatt-hour of energy will decrease. This 
follows from the first term, C,/bP;y. 

The reactors of the second units at the Beloyarsk and 
Novovoronezh APS, for example, do not differ in size from 
those of the first units. However, their power capacity is 
1.5-2.0 times greater. The buildings for the first and second 
units are the same. Therefore the capital component for 
the second units is significantly less than that for the first 
units. For example, an increase in the electric power of a 
unit at the Novovoronezh APS from 210 to 440 MW reduced 
the specific capital expenditures from 406 to 200 rubles 
per kWh. 

Substitution of C, (see above) into the fuel component of 
the cost of a kilowatt-hour c,  ©€,/bPyy,. yields 
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Dividing and multiplying the product bPy, < 7/365 by 
the uranium load my we obtain 


bPey, FT b iw 
mu 365 my = (sex Ppt | My = 2mMmy 


The first factor is the nuclear burn-up z per megawatt-day 
per ton (MW-day/t). Hence, the price of a kWh of electrical 
energy decreases with increase of the nuclear fuel burn-up. 
It is planned in the next ten years to utilize nuclear fuels 
with a burn-up as high as 4.5 x 10 MW-day/t (6%) or 
even higher. 

Enrichment raises the cost of nuclear fuel. The fuel 
charges fall as the cost of the discharged fuel rises. Thus if 
the burn-up in the reactor is m kg and CFm kg of pluto- 
nium are produced, the difference C; — C,, will be the small- 
er the greater the value of CF. The latter factor, which re- 
duces the electric power cost, is particularly significant in 
fast breeders which possess high CF values (41.5-1.8). The 
cost of a kilowatt-hour can be lowered by increasing the spe- 
cific power of the reactor and raising its efficiency and burn- 
up. For example, the cost of a kilowatt-hour at the Novo- 
voronezh APS was reduced from 2 kopecks (1964) to 
0.635 kopecks (1976). The Novovoronezh APS electricity is 
20% cheaper than that of the Voronezh heat and electric 
power plant which runs on coal. The cost of electricity from 
unit II of the Beloyarsk APS was 0.92 kop./kWh in 1974 
and was the same as the cost of electricity of the Ural heat 
and electric power plant which has a power capacity close 
to that of unit II of the Beloyarsk APS. 

Thus the main means of obtaining cheaper electric power 
at an APS is to raise the thermal conversion efficiency n, 
use factor n, thermal specific power of the reactor Py, 
burn-up z and the conversion factor CF. It should be noted 
that intensive development of atomic engineering will 
stimulate the mass production of APS equipment and lead 
to the design of APS with higher thermal conversion ef- 
ficiencies. By perfecting the production of various compo- 
nents of the reactor and simplifying the convorsion of heat into 
electric power it will be possible to reduce further the cost 
of electricity generated in APS. 
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14.3 Research and Experimental Reactors 


Research reactors. The first research reactors were des- 
igned primarily for the study of various problems in atomic 
engineering. Experiments in the field of neutron physics 
were carried out and the effects of prolonged fast-neutron 
or gamma-quanta irradiation on the properties of materials 
were investigated. Fuel elements for future atomic energy 
installations were tested in the loop channels of these early 
reactors. 

There were some disadvantages in carrying out physical 
and technological experiments in a single reactor. Thus, 
substitution of loop channels could lead to radioactive 
contamination and this would considerably complicate the 
physical measurements. Moreover, the physical exper- 
iments had to be discontinued when the reactor was shut 
down for a faulty loop channel to be replaced. Finally. 
the volume of research in many various directions had in- 
creased greatly. For these reasons special reactors were des- 
igned, each for a specific field of research. 

More than ten research reactors have been built in the 
Soviet Union. Some of them are used as neutron and gamma- 
quantum sources in physical experiments or in studies of the 
properties of materials. This type of reactor includes several 
water-water reactors operating in Moscow, Leningrad, Kiev 
and other cities of the Soviet Union. The amount of nuclear 
fuel used in WWR is not great and the reactors are simple 
in construction. The WWR contains experimental channels 
through which neutron beams can be extracted into the labor- 
atory. The samples to be irradiated are placed in other 
channels and thermal neutron beams are produced in the 
thermal columns. 

Since the absorption of thermal neutrons in water is high, 
all WWR use enriched uranium. An excess reactivity is set 
up in the reactor and used to compensate for poisoning. ac- 
cumulation of slag, fuel burn-up and absorption of neutrons 
in the experimental channels. 

In some types of research reactors fuel elements are tested 
and samples of various materials are irradiated. These 
reactors contain loop channels in which the fuel elements to 
be used in prospective reactors are tested. 
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In order to obtain higher neutron flux densities (about 
10'* neut.’m?.s) the power of the research reactors is made 
as high as 50-100 MW. 

In the following we present short descriptions of a reactor 
for physical research WWR-M (Russian designation BBP-M) 
and of a reactor for technological studies MR (MP). The 
basic characteristics of these reactors are given in Table 14.3. 


Table 14.3 


Basic Characteristics of Research Reactors 


Type of 235 Core] Core | Uranium | Max. |Mean spe- ee 
reactor load, vol- |height,} enrich- |power, jcif. power density. 1918 
kg  jume, lj cm ment, % MW |kW/kg238U neut./m2-s 
WWR-M | 4.0 12.5 50 20 10 2500 3 
MR 7.0 600 | 100 90 20 2800 8 


WWR-M reactor. The core of the reactor consists of 
fuel channels. In each channel there are three coaxial tubu- 
lar fuel elements, the external one being a hexahedral tube 
and the two inner ones circular tubes. All three tubes are 
made of (UO, + Al) cermet 0.9 mm in diameter and are 
enclosed in aluminium jackets 0.7 mm thick. Four kilo- 
grams of 2°5U are loaded into the 12.5 litre hexahedral core 
(Fig. 14.1). Three fuel channels comprise sections which are 
mounted on the lower core lattice. The space between the 
sections is filled with beryllium displacers possessing the 
same shape and size as the sections. 

Considerable thermal neutron bursts occur in the lateral 
beryllium reflector. It is precisely here that the horizontal 
and vertical experimental channels are situated. There are 
Y horizontal channels in the reflector for exit of neutron 
beams and 44 vertical channels in which samples of mate- 
rials are irradiated and radioactive substances produced. 
Two vertical channels are used as experimental loops to 
study the interaction between different materials and cool: 
ants under irradiation conditions, 

The heat removal system consists of two loops. ‘Phe tem 
perature of the water at the core inlet varies between 24 °C 
and 36°C; at the outlet it lies between 42 °C and 45 °C. 
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Part of the water circulates in the reflector and keeps the 
temperature of the beryllium below 60 °C. The heat in the 
first loop is conveyed to the service water in the second 
loop by means of four heat exchangers. 

To compensate the excess reactivity five boron carbide 
rods are inserted into the core. One boron steel rod automat- 
ically regulates the power level. 
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Fig. 14.1 Horizontal cross section of WWR-M reactor 


1—absorption rod; 2—fuel section; a oneal channel; 4—reflector; 5— thermal 
column 


MR Reactor. Research reactors for testing fuel elements 
should be simple in construction and possess good physical 
characteristics (low 7*°U loading level, high neutron flux 
density etc.). The MR reactor meets all these requirements. 
It is placed at the bottom of a pool (Fig. 14.2) under a layer 
of water. This provides good external observation under con- 
ditions of overloading of the core and loops. The thick layer 
of water also protects the operators from irradiation. 

The core consists of fuel channels which contain the fuel 
assemblies (five concentric tubular fuel elements). Water 
at a pressure of 10 atm and temperature of 40 °C is pumped 
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into the fuel channels at the top of the reactor. The water 
moves downward in the spaco hetweon the outer fuel element 
of the assembly and the jacket of the fue) channel. It then 
returns through the assombly to the upper outlet after being 
heated to 110 °C. 

The space between tho fuel channels is filled with beryllium 
displacers. Plugged ducts run along the axis of the beryllium 


Fig. 14.2 Vertical sectional view of poe of the MK reactor and storage 
tan 


1 —loop channel removed from reactor, 2—storage tank; 3—lock gate; 4—reactor 
pool; 5—fue] channel; 6—MR reactor; 7—gamma-source chamber 


displacers, and absorption rods or samples of materials to 
be irradiated can be placed in the ducts. The heat released 
in the moderator and reflector is removed by the water in 
the pool which circulates in the gaps between the moder- 
ator blocks. 

The distance between the fuel channels in the core varies 
from 20 mm at the bottom of the core to 140 mm at the top. 
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The beryllium displacer together with the variable spacing 
keeps the tops of the fuel channels separated by a sufficient 
distance from each other. 

_ A spherical water reflector 100 mm in diameter is located 
in the central part of the core. It is also called a neutron 
trap. The slowing-down capacity of this inner reflector is 
about 4 times that of a water-beryllium moderator. This 
explains the appearance of thermal neutron bursts in 
the inner reflector. The maximum neutron flux density in 
the nuclear fuel at a peak power level of 20 MW is 2.4 ~ 
< 10* neut./m?-s and in the trap, 8 xX 10'® neut./m?-s. 
_The core is surrounded by two layers of reflectors. Beryl- 
lium blocks are arranged in the inner layer; the second layer 
consists of graphite blocks in an aluminium casing. 

The reactor pool is connected to the storage pool through 
a lock. The surface of the pools is lined with stainless steel. 
By using two pools leakage of radioactive substances can be 
practically eliminated during a recharging of the channels. 
Fuel and loop channels removed from the core are transferred 
to the storage tank under a thick layer of water. 

New constructions of fuel elements for future power reac- 
tors can be tested and changes in the properties of coolants 
caused by irradiation can be studied in the 13 MR loop 
channels. The design of the loop channels differs from that 
of the fuel channels. The heat of the loop channels is removed 
by a coolant moving upward through the channel. The 
loop channels viewed from the side resemble a U and there- 
fore are called U-channels. A loop channel removed from 
the core and located in the storage tank is shown in Fig. 14.2. 

The possibility of using organic coolants in nuclear engi- 
neering and the means of removing disintegration products 
from them are studied in the MR reactor. To attain a high 
efficiency in atomic electric power stations and to ensure 
efficient burn-up of the nuclear fuel it is necessary to have 
fuel elements which can operate over long periods of time 
under extreme temperature conditions. In the MR reactor 
there are two loop channels with helium as the coolant. ‘The 
helium is pumped at a high velocity through the loops at 
a pressure of 100 atm. and is heated up tu 850 °C. Heat remov- 
al with a steam-water mixture which is formed during bulk 
boiling can be investigated in the other loops. 
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Experimental reactors. Loop and test rig experiments 
cannot yield full information on the operation of the whole 
power reactor. To study the parameters, reliability and other 
features of the performance of power reactors, special exper- 
imental reactors are usually built. The fast neutron reactors 
FR-5, FR-10 and FER-60 (Russian designation. BP-5. 
BP-10, BOP-60) belong to this type. The numbers following 
the letters denoting the Soviet experimental reactors specify 
the thermal power of the reactor in megawatts. 

The core of FR-5 consists of 80 hexahedral cassettes with 
stainless steel jackets. The jacket encloses a fuel assembly 
consisting of 19 rod fuel elements. Nuclear fuel pellets 
(plutonium dioxide) are encased in stainless steel tubes. 
Plutonium dioxide is compatible with the reactor structural 
materials and is resistant to irradiation; hence a high burn- 
up of the plutonium is permissible. The 17.5 litre cylindrical 
core is enclosed in a stainless steel vessel. Liquid sodium is 
pumped through the vessel and is heated in the core to be- 
tween 375 and 500 °C. 

The reactor reflector is made from nickel which has a large 
neutron scattering cross-section. The inner part of the nickel 
reflector consists of two mobile layers which are part of the 
safety control system. Flowing air removes the heat liberated 
in the reflector. 

Valuable experimental data have been obtained with the 
FR-5 reactor operating at rated capacity. Plutonium dioxide 
burn-up up to 7% has been attained. Most of the fuel ele- 
ments have endured prolonged operation at a coolant temper- 
ature of 500 °C and jacket temperature of 600 °C. However. at 
burn-ups exceeding 2.5% a few of the fuel elements developed 
leaks and fission products were washed out into the primary 
loop. Nevertheless, the leaks in the fuel elements and subse- 
quent contamination of the sodium by the fission products 
did not interrupt normal operation of the reactor. Cold traps 
efficiently captured the solid fission fragments and removed 
the sodium oxides from the sodium. 

The conversion factor of a breeder reactor depends on the 
compusition of the nuclear fuel. A particularly high CF 
can be expected when the carbide mixture UC + Pu is used 
as the fuel. The carbide fuel was tested in the FR-5 reactor 
and proved to be suitable for breeder reactors. It has been 
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used in monocarbide fuel elements between 1960 and 1971. 
Monocarbide fuel clements retain their working capacity at 
burn-ups up tu 5.59-5.9%,. 

Long-term operation of the FR-5 reactor has helped ts 
solve some problems in the design of the FN-350 atomic power 
station. In particular, experience was gained in working with 
a sodium coolant in the core, various units of the reactor 
were tested etc. 

To accelerate fuel clement testing with a burn-up up to 
10% and to check other elements of the construction the pow- 
er of the FR-5 reactor was increased to 10 MW. The specific 
power of the FR-10 reactor loaded with plutonium dioxide 
fuel elements is 780 kW/| with a mean sodium temperature 
at the outlet of 500 °C. 

The experimental fast reactor FER-60 is employed for test- 
ing constructional units and fuel elements for fast reactors 
with sodium coolants. The specific power in the FER-60 
core may reach 1100 kW/I, the sodium temperature at the 
outlet being 580 °C. The construction of the FER-60 is such 
that nuclear fuels with burn-ups over 10% can be tested in 
the reactor. 


14.4 Graphite-Water Reactors 


Reactor of the first atomic electric power station. The 
source of energy at the first atomic electric power station 
is a water-cooled graphite reactor with a power output of 
30 MSW. The reactor rests on a concrete foundation (Fig. 14.3). 
The air-tight steel vessel is filled with hexahedral graphite 
blocks with spacings between to allow for thermal expan- 
sion of the graphite. The assembly is filled with low-pressure 
nitrogen which protects the graphite from ignition. The 
central part of the graphite assembly is threaded by 151 ver- 
tical ducts, each of 65 mm in diameter, in which the fuel 
channels are inserted. Shim and safety rods are located in 
23 of the ducts. 

The reactor core is a cylinder 170 cm high and 150 cm in 
diameter surrounded by Jateral and end-face graphite reflec- 
tors 75 cm and 70 cm thick respectively. A 140 cm thick 
graphite shield for neutron protection covers the upper end 
of the reflector. 


Atomic Power Rnginecring 354 


AREA See Fete re ats, 
re AA Ae RN me en Da pene 
CENA Ne ET Anse ee | Ri <n sem fr 


A cast ivon plate is mounted on the top of the reactor vessel, 
Hs Uhichness over the core ix 150 em, and over the reflector, 
em. The cast iron plate absorbs gamma quanta emitted 
by the core. A ring coolant collector is located above the 
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Fig. 14.3 Vertical sectional view of reactor of first APS 


1—pipes for cooling of reactor foundation, 2—steel plate; 3—pipe for cooling of 

reflector, 4—reactor; 5—channel for ionization chamber; 6—water shield; 7— pipe 

coil for cooling of water shield; 8—cast iron plate; 9—coolant collector; 10— 

top cast iron shield; 71—fuel channel; shirtesrat rod; 13—automatic control rod; 
14—supply tan 


iron plate. A supply tank is housed separately and enclosed 
in a light cast iron shield. 

The reactor is located in a pit made of standard concrete 
aud covered with a cast iron plate. The lateral radiation 
shield includes a ring-shaped tank with a one-metre layer 
of water and a concrete wall three metres thick. The water 
tank is adjacent to the reflector. Heat generated in the shield 
is removed by a subsidiary heat-transfer loop. 

The fuel channel (see Fig. 141.9) consists of graphite dis- 
tance bushings, housing four tubular fuel elements and a sup- 
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ply pipe. The total length of the fuel channel is 677.5 em, 
including 170 cm of the active part. 

The tubular fuel element consists of uranium alloy (9% 
molybdenum) pellets enriched to 5-7% and covered with 
magnesium. The nuclear fuel is enclosed in a 0.2 mm layer of 
stainless steel which contains the fission fragments within 
the fuel element. The inner 9 x 0.4 mm tube can endure 
a pressure of 100 atm in the primary loop. Bach of the four 
tubes has a spiral device to compensate for thermal expan- 
sion. At the upper end all four fuel elements are connected 
to a common outlet chamber which is joined to the outlet 
collector. 

Water pumped from the supply tank into the central 
tube of the channel flows down to the distributing chamber 
and cools the graphite. Then, on its way up, it cools the 
fuel elements and is heated from 190 °C to 280-290 °C at 
a pressure of 100 atm. 

In case of a leak the water strikes the hot graphite and is 
converted into steam. The pressure in the gap between the 
fuel element and graphite then increases. From this change 
of pressure one can tell if the jacket of the fuel element is 
intact or not. Fuel channels with damaged fuel elements are 
cut off from the supply tank and removed from the core. 

By using tubular fuel elements it is possible to avoid 
poisoning of the primary loop system by fission products 
which enter the graphite stack from the damaged fuel ele- 
ment. 

The safety control system consists of 19 rods for manual 
control (MC), four paired automatic control rods (AC) and 
two safety rods (SR). The SR rods are located at a distance 
of 40 cm from the axis of the core. The manual control rods 
are arranged in two circles in the core with radii of 26 cm 
and 60 cm respectively. The paired AC rods are in the reflec- 
tor; one pair is used for active operation and the other is 
kept in reserve. 

The operator raises or lowers the MC rods with cables 
and servomotors from the control desk. The speed of removal 
is restricted by special devices. 

There are several loop channels in the reactor for investi- 
gation of heat removal by overheated steam or free flowing 
water etc. In some experimental channels materials are 
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tested and in others radioactive substances are produced. 
Neutron beams can be extracted through the other channels 
and thermal column and transferred into the laboratory 
behind the radiation shield. 

The reactor of the first atomic power electric station was 
the first pilot power-generating reactor in the world. For 
this reason it is used as an experimental power reactor. 
In particular studies on the application of water-cooled 
graphite channel reactors in atomic engineering have been 
carried out on it. These studies include the investigation of 
high nuclear fuel burn-up, selection of operation conditions 
in atomic power electric plants, radiation protection prob- 
lems, testing of fuel elements etc. Since the reactor has 
such a broad range of application, it is operated at various 
power levels. Therefore the operation period is usually 
measured not in calendar days but rather in effective days. 
An effective day is the time it takes the reactor to burn 
up the same amount of 7*°U that is burned up in the fuel 
elements when the reactor is operating at rated thermal capac- 
ity. The first operating period of the reactor was 75 effective 
days. 

Reactors of the Kurchatov Beloyarsk APS. The data ob- 
tained during operation of the first APS were taken into 
account in the design of the reactors for the Beloyarsk APS 
(BAPS). The plant consists of self-contained units, each of 
which includes a channel reactor and steam power plant (steam 
generator, turbogenerator etc.). This system of independent 
units facilitates the operation of the APS and enhances its 
reliability in performance. Unit I reactor of the BAPS 
is similar in construction to that of the first APS. The 
fuel channels contain six tubular fuel elements with enriched 
uranium (1.8%) slugs. 

The reactor is designed to produce superheated steam di- 
rectly in the core. There are 998 fuel channels: 730 evaporative 
channels and 268 superheating channels. The steamwater 
mixture leaves the evaporative channels at a pressure of 
130 atm with a 20-30% mass steam content. The heat removed 
from the evaporative channels is used in the steam gen- 
erator to produce steam at a pressure of 100 atm. The steam 
is then directed to the 268 superheating channels where its 
temperature is raised to 520°C. This superheated steam 
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enters the turbogenerator at a pressure of 90 atm. The effi- 
ciency of Unit I is 35-37% and the electric power of the 
unit is 100 MW. Lonatf 

The Beloyarsk APS Unit I was put into operation in May, 
1964. The operating period of the reactor is two years. 

The characteristics of Unit II reactor of the BAPS, which 
was put into operation in October, 1967, differ from those 
of Unit I reactor. The core sizes are identical but the electric 
power is twice as high, viz. 200 MW. This was achieved by 
introducing some minor changes in the construction of the 
fuel channels and heat removal system. 

The heat transfer surface in the fuel channels was increased 
by increasing the inner diameter of the fuel elements. In 
the improved superheating channels the steam passes down 
the first three fuel elements where it is initially superheated. 
The steam then goes over the second three fuel elements 
where it is heated to 520°C, and, at a pressure of 75 atm, 
enters the turbogenerator. The central coolant tubes are 
removed from the superheating channels thus improving 
the physical characteristics of the reactor. Automatic 
control rods are installed in place of the central tubes and 
this somewhat levels out the heat release in the core. The 
fuel slugs are prepared from uranium or cermet (uranium en- 
richment 3%). Cermet is also used in the mobile fuel ele- 
ments in the superheating channels. These fuel elements are 
subjected to particularly great heat stresses. 

A single-loop heat removal system is used in Unit II. 
Boiling water in the evaporative channels is pumped to 
a separator in which the steam is separated from the water 
and then directed to the superheating channels. 

From 32 to 35 fuel channels in the reactors of Units I 
and II are recharged every 115 days (Unit I) and 85 days 
(Unit II). The average burn-up in the discharged fuel chan- 
nels is 13.7 MW day/kg (evaporative channels) and 23 MW 
day/kg (superheating channels). 

Investigations are being carried out at the BAPS on 
high burn-up and efficiency of superheating channels operat- 
ing under improved steam conditions. Part of the evapora- 
tive and superheating channels are kept in the core until 
a burn-up of 20 and 38 MW day/kg is attained respectively. 
The superheater channels have been found to be highly reli- 
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abn Same were tested to ae how they pectoral whee 
the tevaperature af the steam at outlet wae Odo TU, 

power channel reactar (HPUR). la the detiguing af 
ae ABS with a TEPCR the problem was te daptore the fuel 
eye Vo salve Unig proklew it was necessary to dey elie 
mew structural materials with low weatian absorp ane 
with mechanical properties siuilar te tase af statin lean 
steel, Lowering neutron absorption in the structural matert 
ats wakes it passihte te nse cheaper anctear diel with enty 
1S % enrichment. 

Pa BBGR-1000 and TURCR (dO (table Ha the fuel 
channels are located in the graphite moderator. A castetty 
With upper and lower fel assemblios is installed in awh 
fel channel, The feel assembly consists af (8 nd Mel ele- 
wreats, Uranivar oxide pellets are packet in the fuel cle 
weent. The middle part of the pressure tibe in the care is 
made fram a sitconium alloy (20) 2% Nb) possenting 
high mechanical and corrosion resistance proportion the 
wpper and lower parts af the pressure tube are aiade from 
Stainless steel, The rireonium and steel parts af the tube 
are joined by welded adapters. 

Tu an APS unit with a HPCR, energy is transformed tn 
a single loop system. Roiling water frm the reactor is 
passed through separators, Saturated steam GUO) ander 
@ pressure af 65 atin is then delivered to two turbogenetators 
each with a 500 MW electric power capacity, The spent 
steam is candensed and circulating pumps feed the water 
back into the reactor, 

The HPCR-1000 is a standard graphite-water channel 
boiler reactor, It is designed for fourcunit atomic power sta- 
tions, vis., the Leningrad, Kursk, Chernahylsk, Smolensk 
stations. Two units with the HPCR-(000 were put into oper- 
rep at the Lenin Leningrad APS, one in (973 and the other 
in 4 3. 

The power of APS units with the HPCR-1500 is raised by 
increasing the power of the fuel channels. Special grids in 
the upper fuel assembl, communicate an axial whirl to the 
eoolaat flow. This increases {.5-fold heat removal and the 
channel power. The HPCR-1500 will be installed in the [gue 
linak APS in Lithuania._ 

Besides the HPCR-1000 and HPCR-1500 another high- 
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Table 14.4 
Operating Characteristics of the HPCR and APS Unit 


Characteristic HPCR-1000 HPCR-1500 | HPCRS-2005 

a a ee ae IE | SSeS RR eee eerie beeen ae een 
Reactor thermal power, MW] 3200 4800 5400 
Unit electric power, MW 1000 1500 2000 
Unit efficiency, % 31.3 31.3 37 .0 
Steam pressure at turbine 

inlet, atm 65 65 65 
Steam temperature at tur- 

bine inlet, °C 280 280 450 
Core size, m: 

height 7 7 6 

diameter (or width xX 

X length) 11.8 11.8 7.79 K 24 

Uranium load, ton 192 189 226 
Enrichment, % 1.8 1.8 4 .8* 
Number of channels: 

evaporative 1693 1661 1744 

superheating — — 872 
Average burn-up, 

MW -day/kg: 

in evaporative channel 18.1 18.4 20 .2 

in superheating channel — — 18.9 


Size of fuel element jacket 
(diameter xX _ thickness), 


mm: 
evaporative channel 13.5 X 0.9 | 13.5 X 0.9 | 13.5 x 0.9 
superheating channel _ ~ 10 x 0.3 

Material of fuel element 
jacket: 
evaporative channel Zr-+ Zr + Zr + 

+ 2.5% Nb |-+ 2.5% Nb] + 2.5% Nb 
superheating channel _ = seo tae 
stee 


The uranium in superheating channels is enriched to 2.2%. 


power channel reactor using steam superheated up to 450 °C 
(HPCRS-2000) has been designed. The core of the HPCRS-2000 
is a rectangular parallelepiped. The construction of the 
evaporative and superheating channels in the HPCRS-2000 
differs only slightly from those in HPCR-1000. However, 
the jacket of the fuel elements and evaporative channels are 
made frum stainless steel and not of a zirconium alloy; 
the uranium is enriched to 2.2%. 


Fig. 14.4 General view of 
WWPR-440 reactor 


see unit with SCS drive 
meshanism, 3—pit; JsJ—remov- 
able basket; belay blene control 
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The boiling water in the evaporative channels flows to 
the separator. The saturated steam in the separator then 
enters the superheating channel where it is heated to 450 °C 


and at a pressure of 65 atm is driven to two turbogenerators 
of 1000 MW each. 


14.5 Vessel Water-Water Power Reactors [WWPR)} 


In present-day atomic engineering APS with WWPR play 
a prominent role. Water is both a good moderator and a good 
coolant and consequently WWPR with high specific power 
can be designed. The vessel reactors WWPR-210, WWPR-369, 
WWPR-440, WWPR-1000 and others have been designed 
in the Soviet Union. 

The first two reactors, WWPR-210 and WWPR-365, have 
been operating for a long time in units I and II at the Novo- 
voronezh APS (NVAPS) (Table 14.5). The experience gained 
during the long term operation of these reactors has pro- 
vided valuable data which was taken into account in the de- 
signing of the production model WWPR-440. Investigations 
were carried out on the WWPR-210 and WWPR-365 to 
see if their thermal power could be raised without increas- 
ing the size of the core and also to see if the reactor could 
be regulated by adding absorbing substances to the coolant 
etc. 

The WWPR-440 (Fig. 14.4) is operating in units III and 
IV at the NVAPS, the Kolsky APS, in power plants in the 
German Democratic Republic and Bulgaria. It will be in- 
stalled at several APS being constructed in the USSR, in the 
socialist countries and in Finland. 

The WWPR-440 core consists of 349 hexahedral cassettes 
some of which are used as control rods of the SCS. Each cas- 
sette contains 126 rod fuel elements (diameter 9.4 mm) ar- 
ranged in a triangular lattice. The fuel element slugs (sin- 
tered uranium oxide enriched to 3.5%) are 7.5 mm in diameter 
and encased in a jacket 0.6 mm thick. The cassette shroud 
and fuel eloment jacket are made of zirconium alloyed with 
niobium (1%). 

During the operating periud, which is about 870 days, the 
WWPR-440 cassettes are partially recharged three times. 
Every 286-290 days one third of the cassettes is replaced. 
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Table 14.5 


Operating Characteristics of the Novovoronezh APS 
Units and WWPR 


PR. -365|W WPR-440 | wwPR-1000 
GCharacteriatica be kd Mae A units 111 wunit V 
an 


a ee ee See Sy 


Reactor thermal pow- 
MW 


er, 760 1320 1375 3000 
Unit efficiency % 27.6 27 .6 32.0 33 .0 
Steam pressure at tur- 

bine, inlet, atm 29 .0 29 .0 44.0 60 .0 
Pressure in first loop, 

atm 100 105 125 160 .0 
mgoperavure of water, 

: | 

at core inlet 250 250 269 289 

at core outlet 269 275 300 324 
Core diameter, m 2.88 2 .88 2 .88 3.12 
Core height, m 2.50 2.50 2.00 3.50 
Fuel element diame- 

ter, mm 10.2 9.4 9.4 9 
Number of fuel ele- 

ments in a cassette 90 126 126 317 
Uranium load, ton 38 40 42 66 
Mean uranium enrich- 

ment, °o 2.0 3.0 3.5 3.3-4.4 
Mean fuel burn-up, 

MW -day/kg 13.0 27 .0 33 .3 40 


eee SSS 


At first the cassettes are removed from the central region of 
the core and replaced by cassettes from the peripheral re- 
gion. The vacant places in the peripheral region are loaded 
with fresh cassettes. Recharging is done under a 5 m layer of 
water which reduces the level of irradiation in the reactor 
hall below that of the permissible dosage. 

The WWPR power reactivity factor is a negative quanti- 
ty. At the Novovoronezh APS it is used to prolong the inter- 
val between recharging in the autumn and winter when power 
consumption is maximal. The reactor is switched to a self- 
regulating regime for a short time before being partially 
recharged. The reactor power level is slowly reduced thus 


releasing reactivity which compensates the additional nuclear 
burn-up. 
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The WWPR-440 core is housed in a thick-walled steel vey 
al of 3.8 m in outor diameter and 41.2 m in height. The 
vessel operates under a pressure of 125 atm and has two con. 
necting pipes for inlet and outlet of the coolant. It is covered 
at the top hy a shiolding plate. 

Neutrons and gamma radiation striking the inner vessel 
walls cause changes in the structural materials of the vessel 
and induce thermal stresses in the vessel. These effects de- 
pend on the radiation dose. To lower the dose water and 
steel shields are placed between the core and the vessel 
walls. The water shield is 20 cm thick and the steel shield 
9 em thick. 

The WWPR-440 safoty control system (SCS) consists of 
two independent systems: the emergency control cassette 
system (ECC) and the boron control system (see Sec. 13.4). 
The first system, which consists of 37 ECC, ensures reactor 
control in non-stationary regimes and reactor shutdown. 
A cassette of fuel elements is located at the bottom of the 
ECC and elements with a boron alloy at the top. The ECC 
are attached to rods which extend through the top of the 
vessel. They are moved vertically by electric motors and 
in case of an emergency can be plunged to the bottom of 
the reactor vessel. In this case the vacancy left by the fuel 
elements of the ECC is filled by the boron alloy absorber. 

The boron regulating system compensates gradual reac- 
tivity changes due to burn-up of nuclear fuel, poisoning, slugg- 
ing etc. The boron regulating system has simplified the reac- 
tor SCS and the number of ECC could be reduced from 73 
(in the WWPR-365) to 37 (WWPR-440). 

In each unit there are two loops. Water under a pressure 
of 125 atm circulates in the first loop. The water at a tem- 
perature of 269 °C moves downward in the annulus between 
the vessel wall and the core. Subsequently, moving upward, 
the water cools the fuel elements and is heated to 300 °C. 
The heat removed from the core generates saturated steam 
(pressure 44 atm, temperature 275 °C) in the steam genera- 
tors which rotates the turbogenerators. 

The WWPR-1000 core consists of 151 cassettes each with 
317 fuel elements. Twelve guide tubes are distributed evenly 
in the cassette. A single drive mechanism moves a cluster 
of 12 absorption rods in the guide tubes of 109 central cas- 
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soltes. Burn-up absorption rods are housed in the guide tubes 
of 42 poriphoral cassettes. ‘Tho slugs in the absorption rods 
aro made of disporsed materialy (Ku,gUs in an aluminium 
alloy matrix); the slugs of the burn-up absorption cods 
are made of boron in a zirconium matrix. ‘he 7 mm diame- 
ter slugs of the absorption rods and burn-up absorption rod 
are enclosed in 8.2 x U.6 mm slainless steel jackets. Besides 
the absorption rod and burn-up absorption rod systems 
4 boron regulating syslom is also used in the WWPR-100U. 
w By changing some of the parameters it has been possible 
log increase the power lovel of the WWPH-1000 unit com- 
pared to that of the WWPR-44U unit; thus the core volume 
was increased 1.65 times, the core specific power 1.3 times 
und the unit officiency was also increased. ‘I'he mean nuclear 
fuel burn-up for an operating period involving three partial 
rechargings is 40 MW-day/kg. 

The WWPR-100U and equipment of the first loop with 
the radioactive coolant are housed in a concrete protective 
casing. ‘his ensures safety in the event of a leakage in the 
primary loop. 


Se asemeeaenty 


14.6 Fast Neutron Reactors 


Only a small fraction of the uranium is burned up in ther- 
mal reactors which are the main source of energy in atomic 
veugineering today. By using fast reactors it should be pos- 
sible to achieve complete uranium and thorium burn-up in the 
core. ‘his explains the extensive studies which are being 
carried vut in many countries on the intricate fast reactors. 
Before introducing fast reactors in atomic engineering on a 
large scale it will be necessary to sulve a number of scienti- 
lic and technological problems and to gain experience in the 
operation of industrial APS. 

The first Soviet APS using a fast reactor, the FN-350 
(lable 14.6), was put into operation on July 16, 1973 in 
Shevchenko on the coast of the Caspian Sea. Part of the ther- 
mal energy is spent in generating electric energy, the other 
part ig used for desalting water. 

The thermal energy of the FN-JSU reactor is converted into 
electric energy in a three-loop system. Radioactive sudium 
in the first loop, which is heated from JUU to 500 °C is couled 
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me CO Memtore 
Table 14.4 
Operating Characteristics of the FN-350 and FN-600 Reactor 


ee 


Characteristics | FN-250 FN-600 
a i A i ie Ne 
Reactor thermal power, MW 4000 1430 
APS electric power, MW 350 600 

(or 150 MW 
and 1.2 xX 
x 108 t/day 
desalted 
water) 
Sodium temperature, °C: 
at reactor inlet 300 380 
at reactor outlet 500 550 
Parameters of steam at turbine: 
temperature, °C 440 500 
pressure, atm 50 130 
Burn-up, % 5 10 
Operating period, days 250 450 
Core size, cm: 
diameter 450 205 
height 106 76 
Reflector thickness, cm 60 40 
Nuclear fuel UO, UO, 
Fuel element diameter, mm 6.1 6.9 
Number of fuel elements ina cassette 469 129 


in heat exchangers by sodium in the second loop. The coolant 
in the third loop is water. Steam produced in the steam 
generator has a temperature of 440°C and a pressure of 
50 atm. Part of the steam is directed to the desalination 
facility, then condensed, degassed and again pumped into 
the steam generator. 

The FN-350 reactor is housed in a stainless steel vessel 
of variable diameter with a wall 30 mm thick (Fig. 14.5). 
The diameter can be changed from 2.4 to 6.0 m. The top 
of the reactor is covered and the sides are surrounded by 
a casing which prevents leakage of radivactive sodium in 
the event of a rupture in the vessel. A steel cover over the 
top plate prevents leakage of radioactive substances through 
the cover. Argon under a pressure of 1.9 atm fills the gap 
above the sodium level. 

A high-pressure chamber is installed in the lower part of 
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Fig. 14.5 Vertical sectional view of FN-350 reactor 


1— reflector; #— core; nip aa body, é—-rotating plugs; 5— central column with 
SCS drive mechanism; 6—unloading box- z= unloadttic clevator 
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nism to the cap ofany of the cassettes. The cassette to be re- 
moved is ecarried by the recharge mechanism to the elevator 
where it is deposited in-a socket and then transported to 
the transfor device, The latter in turn directs the cassette 
to the transfer drum which sets it in storage where it is 
cooled before being discharged from the reactor. The transfer 
device then retu cs with a frosh cassette extracted from a sec- 
ond drum and tho elevator and recharge mechanism insert 
the fresh cassette in the vacant socket. The reactor is con- 
trolled by (wo boron carbide automatic control rods, compen- 
safors consisting of boron carbide rod assemblies. Three such 
assemblies are used for emergency shutdowns. 

A multilayer radiation shield is employed in the reactor. 
The first layer of the side shield (stainless steel-sodium) 
reduces the fast neutron flux density in the vessel by about 
ten times. The second layer (steel-ferric oxide) protects the 
conerete from intense neutron and gamma-quantum beams. 
The top shield consists of a layer of sodium, a steel plate, 
plugs and alternating layers of iron and graphite. 

The second step in constructing powerful and econom- 
ically efficient APS) with fast reactors will be the FN-600 
designed for unit LL of the Beloyarsk APS. Various means 
of improving the economical characteristics of APS have been 
incorporated in the EN-GOO. Thus, the steam pressure and 
temperature, APS power capacity, fuel burn-up and operat- 
ing period have all been increased (see Table 14.3). 

The EN-GOO reactor (Fig. 14.6), heat exchangers, pumps 
and other equipment of the first loop are housed in a tank 
filled with sodium. Pipes of the second loop are connected 
to the tank. Due to this use of tanks the equipment takes up 
little space and the first loop can be made leak-proof by 
simple means. The experience obtained in operating the 
FN-350 and FN-GOO will help to choose optimal designs of 
the primary loops in more powerful fast: reactors, 

Some of the ideas used in the design of FN-350 will be 
used in the FN-600. Thus, the sizes of the cassettes and re- 
charge mechanism will be the same ete. The diameter to 
height: ratio DU ix 2.7 (vo Table 14.3). By flattening 
the core in this way it will be possible to inerease the se 
dium flow rate, reduce its heating ino the reactor and alse 
the maximum temperature of the protective casing. 
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1. International System of Units (S!) 


Physical quantities are exprossed in certain units, Tn solving 
problems all physical quantitios should bo expressed in SE units 


(Table A.4). 


Table Al 


Some SI Units of Measurement of Physical Quantities 


Unit 

Physical quantity | Name of unit en 
length | motre uw 
mass kilogram kg 
time second r 
temperature kelvin 
density kilogram per cubie | hye/in 

molre 

force howlon N 
pressure pascal Va 
work (energy) joule J 
power watt Ww 
quantity of electricity coulomb ( 
electric current a pore A 
electric field strength volt per metre /in 
electric potential difference volt Vv 
magnetic induction — tesla y 
activity (of radionuclides) becquere! Ky 
absorbed douse uray Gy 


Units differing by factors of 10 aro denoted by pretiaes, Eno the 
following the symbols of the prefixes are indicated in parentheses: 
giga (G)—109; mega (M)~ 10%; kilo (k)--10% conti (e)  to-8: avibli 


(m)—1073; micro (p)—10-8) I 
4 microamporo (WA) - 10°98 A 


xample: 1 megawatt (MW) we W: 


Some convenient units which do not differ by a lactor of (0 and 
are not included iv the S] are presented in Tablo A.2. 


\2 


ee Append 


Table A 
Some Unita Not Included in the SI 


ee ee ee 


a 


Physical 
quantity 


Name of unit oe Qonveraton factor ta AT untte 


time day 1d == 8.64 & 104 a 
ear 1 y 7 9.15 x 107 a 
volume itre 41-= 1.0 10-8 m*® 
(t l= 1,0 dm® == 108 en) 
energy watt-hour Wh Wh == 3600 J 
electron-volt oV 14 oV = 1.00 * 107% J 
power kilocalorio keal/h Pt keal/h oss 1.463 W 
; er hour 
pressure millimetres mm Ug Ptomm ig = 138.9 Pa 
of morcury 
standard at- 4atm=: 14.01 * 108 Pa -= 
mosphero “= 4 bar 


2. Fundamental Constants 


Velocity of light in vacuum c¢ = 2.008 x 10® in/s 
Avogadro's number Na = 6.02 x 10% molocules/kmolo 
Boltzmann's constant & = 1.388 x 107 J/K = 8.63 x 10° oV/K 
Planck’s constant 4 = 6.626 x 107% J-9 = 4.13 x 107% oVes 
h = h/2n == 1.05 x 4()-34 J eB om 0.5685 10-16 wV on 
Electron charge e = —1.00 x 107% C 
Rest mass of 
electron m, = 9.11 x 107°! kg 
m, = 5.49 ~ 10* amu 
proton my = 1.6726 x 10-%7 kg 
Mp = 1.007276 amu 
neutron m, = 1.6750 ~ 10° kg 
m, = 1.008665 amu 
Atomic mass unit 4 amu= 4.66 x 10787 kg 
Energy equivalent in MeV of 


an atomic mass unit 931 
electron mass 0.541 
038 .2 


proton mass 
neutron mass 930.5 
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4. Physical Properties of Some Moderators 


rome [ts [Acari | le rai 

Density at 20°C, 1.00 | 1.40 1.85 1.67 2 80 
10° kg/m3 

Atomic” (molecular)| 18 20 f) 12 29 
mass 

Density of atoms] 3.34 3.31 12.35 8 .37 6.75 
(molecules), 1028 
atoms (mol.)/m* 

eae ie power} 1.35 | 0.188 0.154 0 .064 0.129 

’ m-! 

eatin mean free| 45.1 | 26500 | 810 3740 1610 
path A, for E, = 
= 0.025 eV, 10-2 m 

Scattering mean free} 0.68 2.88 1.35 2.04 1.50 
path A, for E, = 
= 0 025 eV, 10-2 m 

Diffusion length L| 2.72 159 24 58 30 
ee E, = 0.025 eV, 
1 -2 

Slowing dea length} 5.2 11.2 9.3 17.7 12.0 


Lys, 10-2 m 
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5. Half-lives of Some Radioactive Substances 


Substance T1/2 


Substance 


Ty/2 


ee 


NC 2U 38 min 
ik 1.28 ~ 10° years 
27Co 9.27 years 
108 Ay 2.41 min 
Win 4.15 min 

8 Au 2.0046 days 


710Bi 0.012 days 


310Pu 
uta 
433th 
23 
aU 


ape Pu 


138.378 days 
1600 years 


1.405 


10% 
10° 
104 


~ 10?" vears 
6.85 > 
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6. Values of e-" and e* Functions 


0.0 1.000 | 1.00] 1.6 0.202 1.95] 3.2 | 0.041 24.0 
O.4 | 0.905 | 4.44 ] 1.7 0.183 5.47|| 3.3 | 0.037 27 A 
0.2] 0.818 | 1.22 || 1.8 0.165 6.05]} 3.4 | 0.033 30 00 
0.3 | 0.744 1.35 || 1.9 0.150 6.69} 3.5 | 0.030 33 of 
0.4 | 0.670 | 1.48 || 2.0 0.135 7.39] 3.6 | 0.027 36.6 
0.5] 0.607 | 41.65 || 2.4 0.123 8.17] 3.7 | 0.025 40.5 
0.6 | 0.549 | 1.82] 2.2 0.111 9.03} 3.8 | 0.022 A4 AT 
O.7 | 0.497 | 2.01 | 2.3 0.100 9.97] 3.9 | 0.020 AY A 
0.8} 0.449 | 2.23 | 2.4 0.091 | 11.0 4.0 | 0.018 4 .6 
0.9 | 0.407 | 2.46 |} 2.5 0.082 | 12.2 5.0 | 0.00740 148 
1.0} 0.368 | 2.72 | 2.6 0.074 | 13.5 6.0 | 0.00248 | 403 
1.1 | 0.333 | 3.0 2.7 0.067 | 14.9 7.0 | 0.000912} 1096 
1.2 | 0.301 3.32 || 2.8 0.064 | 16.5 8.0 | 0.000315} 2980 
1.3 | 0.273 | 3.67 || 2.9 0.055 | 18.2 9.0 | 0.000123) 8100 
1.4 | 0.247 4.06 |) 3.0 0.050 | 20.1 | 10.0 | 0.000045]22 Q00 
1.5 | 0.223 | 4.48] 3.1 0.045 | 22.2 
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